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. Computer Simulation of a Pilot in V/STOL Aircraft Control 
Loops 

ABSTRACT 
The objective of the research described herein was to develop a 

computerized adaptive pilot model for the computer model of the research 
aircraft, the Harrier II AV-8B V/STOL with special emphasis on propulsion 
control. In fact, the research reported herein gives two versions of the adaptive 
pilot, the first, simply called the Adaptive Gontrol Model (ACM) of a pilot which 
includes a parameter estimation algorithm for the parameters of the aircraft and 
an adaption scheme based on the root locus of the poles of the pilot controlled 
aircraft. The second, called the Qptimal Gontrol Model of the pilot (OCM), which 
includes an adaption algorithm and an optimal control algorithm. These 
computer simulations were developed as a part of the ongoing research 
program in pilot model simulation supported by NASA Lewis from April 1, 1985 
to August 30,1986 under NASA Grant NAG 3-606 and from September 1, 1986 
through November 30, 1988 under NASA Grant NAG 3-729. 

Once installed, these pilot models permitted the computer simulation of 
the pilot model to close all of the control Ooops\normally closed by a pilot 
actually manipulating the control variables. The current version of this has 
permitted a baseline comparison of various qualitative and quantitative 
performance indices for propulsion control, the control loops and the work load 
on the pilot. Actual data for an aircraft flown by a human pilot furnished by 
NASA has been compared to the outputs furnished by the computerized pilot 
and found to be favorable. 

TECHNICAL DESCRIPTION 
Previous Research 

Previous research efforts have been directed toward the establishment of 
computer simulations of pilots for a modern helicopter model [1,2,3,4], and the 
extension of this model to a modern V/STOL aircraft, Appendix I, of this report 
[5]. Both of these models depended on the off-line identification of the low-order, 
small-signal parameters of the aircraft under a particular flight regime and then 
an off-line synthesis-by-hand of the pilot characteristics required for control of 
the aircraft in that particular flight regime. This meant that the low-order, small- 
signal parameters of the aircraft had to be identified off-line and then, the pilot 
also had to be designed off-line so that it could be installed into the model of the 
aircraft for that particular flight regime. 

This technique led to very good pilot models for these particular flight 
regimes, but for flight scenarios which include large deviations from trim 
conditions, the computer simulation pilots can no longer be used because of the 
change in aircraft parameters. Clearly, a human pilot can adapt to the change in 
aircraft parameters for maneuvers which include those in which large deviations 
from trim conditions occur. 
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Current Results 

Previous research efforts have been directed toward the establishment of 
computer simulations of pilots for a modern helicopter model [1,2,3,4], and the 
extension of this model to a modern V/STOL aircraft.[5]. Both of these models 
depended on the off-line identification of the low-order, small-signal parameters 
of the aircraft under a particular flight regime and then an off-line synthesis-by- 
hand of the pilot characteristics required for control of the aircraft in that 
particular flight regime. This meant that the low-order, small-signal parameters 
of the aircraft had to be identified off-line and then, the pilot also had to be 
designed off-line so that it could be installed into the model of the aircraft for that 
particular flight regime. 

This technique led to very good pilot models for these particular flight 
regimes, but for flight scenarios which include large deviations from trim 
conditions, the computer simulation pilots can no longer be used because of the 
change in aircraft parameters. Clearly, a human pilot can adapt to the change in 
aircraft parameters for maneuvers which include those in which large deviations 
from trim conditions occur. Thus, in order for a pilot model to control an aircraft 
in a way similar to an actual human pilot, the computer model of the pilot would 
be required to: 

(1) identify on-line and in real time the values of the changing parameters 
of the aircraft; and 

(2) adapt to the changing parameters of the aircraft as the small signal 
parameters of the aircraft change during large excursions from trim 
conditions. 

In a later stage of the research conducted under this grant, the objective 
of having an adaptive pilot was achieved in two different ways: 

(a) an adaptive pilot called the OCM model using a Kalman filter and an 
on-line optimal controller [6,7,8,9] which has been modified for use 
in a V/STOL type aircraft. 

(b) an adaptive pilot called the ACM model using the McRuer-Krendal 
model [10,11) with parameters adapting to changes in the aircraft 
parameters in order to maintain a desired region of closed-loop 
operation of the aircraft in the parameter plane of damping-ratio vs 
undamped-nat u ral-f reque ncy . 

Both of these pilot models were successfully installed in the computer 
simulation model of the Harrier II AV-86 aircraft residing on the University of 
Pittsburgh computer system and utilized to control a restricted range of 
maneuvers similar to real manned maneuvers provided the University of 
Pittsburgh by NASA Lewis Research Center with flight variables recorded on 
the tape labelled "PIlT". 

From this tape, data was extracted and corresponding scenarios were 
set up on both the OCM and the ACM pilot controlled simulation models of the 
Harrier II AV-86 installed on the University of Pittsburgh computer system. A 
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graphical comparison of data recorded from the simulated model with simulated 
pilot and the actual data taken from piloted aircraft as recorded on the NASA 
tape is shown in the next few figures. Some editing of the actual data was 
required in order to achieve the proper initialization of the simulation models. 

The Optimal Control Model (OCM) in a Vertical Tracking Maneuver 

The Optimal Control Model (OCM) pilot's dynamic response 
characteristics where evaluated by confronting the OCM with various multi-axis 
control objectives while actively participating within the flight control loops of the 
Harrier II AV-8B [6]. The control objectives where based on classical precision 
hovering maneuvers performed outside of the ground effects region. To 
illustrate the OCM pilot performance, consider a flight control maneuver that is 
complex in nature and exploits various aspects of the pilots control 
characteristics, the vertical tracking maneuver. The vertical tracking maneuver 
consists of traversing between and positioning/aligning the vehicle at two 
vertically spaced targets,as shown in Figure 1. The targets are placed at 40 feet 
and 80 feet above the runway surface, and thus are outside of the vehicles 
ground effects region. The control objective is to approach, align, and hold at 
one target for a period of time, traverse to the other target at a constant rate, 
hold at that target for a period of time and then return to the initial target. 
Alignment with the targets is considered to be a positioning/disturbance 
regulation operation, while motion between the target is considered to be a rate 
controlAracking maneuver. The multi-axis complexity and basic control structure 
requires that the pilot maintain a fixed nozzle angle, thus forward velocity and 
longitudinal positioning control are indirectly handled through pitch angle 
control. The displays monitored by the pilot are assumed to be the targets 
(external visual cues). A detailed description of the pilot configuration and 
control objectives of this and other maneuvers are presented in [6]. 

The following graphical comparisons relate the simulated OCM pilot's 
flight control operations (solid line) to those of the human piloted flight data 
(dashed line), provided by NASA-Lewis. The approach to and alignment with 
the target, by the OCM, is simulated by an initial yawing rotation (to simulate the 
final stages of the pilot's alignment with the targets). Plot 1 shows a heading 
angle comparison of the OCM (solid line) and the piloted flight data (dashed 
line). Transients associated with the target alignment phases are limited for 
times greater than 35 seconds (TIME>35 seconds). Regulation activities during 
the later stages of the maneuver show similar closed loop behavior. Plots 2 and 
3 compare the altitude and vertical rate responses, respectively. These plots 
show similar trends in command trajectory following. Target alignment 
operations, of the human pilot, can be seen during the initial phases of the run 
(TIME<35 seconds). The vertical rate responses of Plot 3 show that the OCM 
has similar behavior during the execution of the vertical maneuvers (TIME>35 
seconds), but does not completely capture the higher frequency content of the 
pilot data. This has been attributed to the low order altitude component 
representation of the of OCMs internal reference model [6], and possibly the 
lack .of engine auditory feedback. Plot 4 shows a comparison of the engine 
speeds. During the execution of the vertical maneuvers (TIME>35 seconds), the 
engine speeds show strikingly similar response characteristics in the OCM and 
human pilot..Plot 5 compares the pitch angle responses. This plot shows very 
similar vehicle orientations during the vertical maneuvering. This is an important 
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response characteristic due to the fixed nozzle angle which couples the pitch 
angle to the forward velocity and position. Plot 6 shows a comparison of the 
airspeed responses. The OCM pilot shows very similar characteristics in both 
magnitude and frequency content during the vertical maneuvers (TIME>35 
seconds). Plot 7 compares the longitudinal position. This plot shows similar but 
out-of-phase positioning response. This has been attributed to the difference in 
initial conditions due to the human pilot's approach to the target. The position 
offset is also due to the initial target approach operations by the pilot. Report [6] 
provides additional insight into the OCM's operations and it's application to 
other flight control maneuvers. 
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F i p  1. - Illustration of the target orientation and vehick motion during the Vertical Tracking 
manCllVQ 
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Plot 1. - Heading response comparison of the OCM pilot and piloted flight data during the , 
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Plot 2. - Altitude response comparison of the OCM pilot and piloted flight data d h g  the 
vertical tracking maneuva. 
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Plot 4. - Engine speed comparison of the OCM pilot and piloted flight data during the vertical 
tracking maneuver. 
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Plot 6. - Airspeed response comparison of the OCM pilot and piloted flight data during the 
vatical tracking maneuva. 
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Plot 7. - Longitudinal position comparison of the OCM pilot and piloted flight data during the 
VutICal tracking mancuva. 
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The Adaptive Control Model (ACM) in a Lateral Tracking Maneuver 

Figure 2 represents a schematic of the lateral tracking maneuver. Just as 
in the case of the Vertical Tracking Maneuver previously shown, Plots 8-17 
show the aircraft and pilot responses (dotted line) using data taken from the 
NASA tape to the aircraft and pilot responses (solid line) using the Adaptive 
Control Model (ACM) for the simulated pilot. Once again, it is seen that these 
responses are very similar. 

Note that, in both cases, there is a high frequency component in the 
actual data as compared to the simulated data. This is attributed to the actual 
pilot scanning the instruments and delay in his perception of the need for 
control action, which is often modeled by inserting residuals in human models. 
In the simulated pilots, there was no attempt to put this pilot residual into the 
pilot model versions since we do not have enough data to accurately model 
these residuals. 
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LATERAL TRACKING MANEUVER 

Target configuration and vTbiclc motion 

Figure 2. Lateral Tracking Maneuver - Target Confiration and Vehicle Motion 
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Unsettled Research Problems 

As is often the case, new problems deserving additional attention arose 
during the course of this research. Those problems particularly related to the 
research proposed herein are listed below: 

(1) Further investigate the dynamics of the adaptive pilot model to 
minimize large initial control excursions 

(2) Investigate the occurrence of the negative real pole inside the unit 
circle in the NASA data -- and account for it in the discrete McRuer - 
Krendal Model 

(3) Refine both (a) the Optimal Control Pilot and (b) the Adaptive Control 
Pilot with additional data and scenarios from NASA 

(4) Provide and investigate full mission envelope capability 

(5) Hover / Transition / High Speed / Transition / Hover 

(6) Analyze additional scenarios to evaluate and refine the models for 
other uses 

(7) Evaluate human pilot to human pilot variations (differences) for the . .  
same maneuver from actual data 

(8) Evaluate high frequency differences in actual vs. si 

(9) Repeat the study for an Advanced STOVL aircraft. 
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A COMPUTER SIMULATION OF LOW ORDER PILOT MODELS 
FLYING A THRUST VECTORED V/STOL RESEARCH AIRCRAm 

Mark E. Zipf. William G. Vogt. Marlin H. Mickle. Senol Kucuk 
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Jam- R. Mihaloew 
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ABSTRACT 

A computer simulation of low order human response pilot mechanisms actively participating within 
the flight control loops of a full thrust vectoring V/STOL research aircraft is presented. The emphasis is 
placed on the low speed. powered-lift region of the V/STOL flight envelope. A set of low order. linear 
transfer function models of the V/STOL research aircraft are created from time and frequency domain 
analysis of the dominant responses of a nonlinear. total f o m  simulation model program provided by 
NASA. A low order transfer function is utilized to model the activities and intrinsic limitations of a human 
pilot. Human response pilot mechanisms are selected via mot locus techniques and insetted into the flight 
control loops. The responses of the inserted pilot mechanisms to test maneuvers arc pmnted  and 
discussed. 

INTRODUCTION 

The interesting region of the VlSTOL flight envelope occurs during low speed powered-lift activities. 
In this region. the aerodynamic propenia of the aircraft significantly differ from those of high speed 
conventional flight. A case in point. is the VlSTOL research aircraft that has been used in this study - a 
thrust vectored jet fighter (Harrier I I  AV-8B). During low speed flight the components of lift produced by 
aerodynamic means are small. The vehicle dies primarily on lift components supplied by the propulsion 
system. In addition. the aircraft's aerodynamic control surfaces (e.& mdder. ailerons. etc.) no longer 
function iu the primary control mechanisms. 7 % ~  Harrier relics on it's reaction control system (RCS) to 
provide the additional control components that are needed to maneuver the aircraft. 

When operating in this region of the flight envelope. the thrust vector is directed upward (nozzles 
downward). The propulsion system supplies the primary vehicle lift and the fonvard thrust in a manner 
rimilar to that of (I helicopter main rotor. The magnitude of the thrust vector (controlled vir the throttle) is 
used primarily to control the vehicle altitude and the longitudinal direction of the thmst vector (controlled 
via the nozzle angle) is used to control the vehicle speed. These controls are of course coupled to some 
degree. but can be used in various decoupled orientations. 

. . .  Sulrlputer S h u L i ; ; ; :  ;.s Cb<ia 3 3  :c bc::;; understand thc jctiniia oi I I U ~  pilots wiiiiiii IIIC 

control loops of thrust vectod V/STOL aircraft. Similar research has been conducted on a high 
performance helicopter [1.2]. Powered-lift V/STOL aircraft pose unique problems in propulsion control 
design since the propulsion controls am an integral parr of the overall flight control systrm. nK pilot 
supplies inputs to both flight and propulsion control systems and pilot opinion is the major criterion for 
deciding whether control system perfomance is satisfactory. The pilot must therefore be considered 
throughout the design and evaluaCim procus. The c u m 1  approach is to we piloted simulators for 

' 

. 
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evaluating the overall integrated control system after it has been designed. This is an effective and 
necessary step. but it is a process that requires development and evaluation at a remote site within a 
simulator system structure and schedule. Analytic pilot models provide an alternative to the use of manned 
simulators. The ability to MalyZe and evaluate integrated flight-propulsion controls for V/STOL aircraft. 
before they arc introduced to a remote simulator facility, provides a powerful design tool. The remainder 
of this introduction will provide a brief summary of the techniques that have been used to develop and 
analyze piloted flight control. 

Control Strudun 

' Pilot activities during low speed operations are primarily directed toward achieving stabilized control 
over the vehicle. A control structure for piloted flight simulation is described by the command based. 
cascaded control configuration shown in Figure 1. 

COCKPIT CON% 
rcECHU1M 

Figure 1. - Cascaded Structure for Piloted Flight Control Simulation 

Within this structure. the pilot appean as a cascaded compensator that is driven by command based 
vehicle attitudes and orientations from some type of guidance or navigation process. The pilot attempts to 
orient the vehicle in the manner specified by the command by manipulating the cockpit control 
mechanisms. The control configuration shown in Figure I assumes that the pilot feedback is based on 
visual assessments of cockpit instrumentation and external visual cues. The use of visual feedback will 
however. reduce the effectiveness of the pilot because of the inherent limitations of human visual system 
information processing capabilities. In addition, the pilot's physical make-up tends to limit his ability to 
supply the desired cockpit control mechanism deflections because of muscular systems resviCtiw in 
bandwidth and range. For the purpose of simulation. the pilot is modeled by a low order transfer function 
that has been developed by McRucr and hndal  [31. The parameters of the transfer function arc selected 
from an anplysir of aircraft dynamics and control function requirements in a manner similar to those in 
I I .21. Simulation of aircraft dynamics arc supplied by a nonlinear model program [%a]. provided by 
NASA-Lewis. In this simulation model the stability augmentation system (SAS) provides damping of 
aircraft angular rate. The SAS is engaged during all aircraft dynamic tau and pilot insertion studies. 

Pilot Dynamics 

The linear transfer function model for the pilot as used in this fcscwch was developed by [3J and is 
illustrated in Figure 2. 
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Figure 2. - Block Diagram of a Human Response Model 

The pilot model transfer function is given by 

The model uses assessments of visually-based information to produce compensative control 
mechanism displacements. Human activities are represented by physiological and equalization sections. 
Physiologic attributes simulate the limitations and abilities of human physical mechanisms. The inherent 
lags associated with the human visual. information processing. and signal transmission systems are 
modeled by the pure delay, D. The bandwidth of the muscular system is represented by a fint order lag 
network with a time constant. T,. The physiologic parameters are constrained in the following manner: 

0 . 1 5  ,< D ,< 0 . 2 3  scc T, - 0.1220% sac 

The equalization attributes simulate the control untegies employed by the human to achieve the 
required closed loop responses. The time constants of this lead-lag network. T,. T,. arc adjusted to close 
the control loop at approximately 0 3  Hz. The equalization network is constrained in the following 
manner: 

T, < 2 . 5  sec T, < 20 sec 

The inherent randomness of human behavior is simulated by the remnant. The remnant is the 
simulation of the nonlinear, random actions that are inherent to human behavior. The primary focus of this 
research has been directed toward the fundamental control activities of the pilot during various maneuven. 
A zero remnant is therefore used during the development of the pilot control strategies. Remnant selection 
for these types of piloted flight configurations have been determined in [41. 

A i r a d  Model Identifiation 

The principal simulation tool used in the study was time simulation program described in [SI and 
provided by NASA-Lewis. This program implements a total fom, large angle. nonlinear mathematical 
model developed in [a]. Low order linear models of the aircraft dynamics where obtained by an analysis of 
the time and frequency responses of the simulation program to test deflections of the cockpit control 
mechanisms. The models that have been developed indicate the dominant vehicle behavior and are based 
primarily on short period dynamics in the pilot frequencies fl.3.81. Phugoid modes and cross couplings 
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a n  neglected and considered secondary to the dominant responses. Figure 3 illustrates this type of 
separation. 

I . I  I - 

Figure 3. - Block Diagram of the Primary and Secondary Vehicle Responses 

Techniques of Pilot Selection 

The detern\ination of the pilot’s equalization parameten is based on the single variable control 
configuration shown in Figure 4. 

S I N U E  COtK?fl 
CONTROL MCHANIUI 

\ I. 

Figure 4. - Single Variable Flight Control Configuration 

The configuration is organized in such a way that the manipulation of each specific cockpit control 
mechanism is based on the assessment of the visual feedback obtained from the observation of a specific 
cockpit instrument or external visual cue. This allows control of only the dominant variable for that control 
mechanism. Secocldpry variable m i o n s  are treated as disturbances. 

The pilot’s equalization parameten arc selected via root locus techniques 111. One factor that tends 
to complicate thir type of developmental analysis is the lag d a t e d  With human visual and information 
processing systems. This time delay tends to produce a destabilizing distortion of m loci asymptotic 
behavior. The delay is approximated by placing a large number of poles (20). at a comparatively large 
distance from the origin on the negative real axis (-100). The physical limitations of the human response 
a n  given by the time constant of the muscular system (T, = 0.1 sec) and the lag of the 
visual/neurologid system (D = 0.2 sec). The modified transfer function of the single variable pilot 
mechanism. shown in equation (I). that is used for design purposes is given by: 
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a 2 0 . 8  b 2 0 .0  

During pilot insertion studies a zero order hold discrete time representation of equation ( I )  was used. 

Pilot Insertion Strategies 

When a panicipating human pilot is introduced into the control loops, he uses all cockpit control 
mechanisms to provide an operational control by employing visual. audio, and other forms of feedback 
cues. For the purpose of simulation. a comprehensive human response pilot model is constructed by 
integrating various single variable pilot mechanisms into a multivariable structure. as shown in Figure 5 .  

Figure S. - Multivariable Pilot S tmure  

The multivariable pilot structural configuration is defined by the manner in which visual feedback is 
interpreted and applied to the cockpit control mechanisms via a specific set of single variable pilot 
mechanisms. The intrinsic limitations of each configuration make it applicable to only a specific set of 
flight control maneuvers. Each type of flight maneuver or command sequence is therefore associated with a 
specific multivariable pilot configuration. In general. a command maneuver will be described by a set of 
vehicle attitudes and/or rates that define the new orientation that the vehicle is requited to attain. The 
pilot's task is to manipulate the cockpit control mechanisms in such a way as to reorient the vehicle. The 
intricacy of the maneuver defines the number of attitudes and/or rates that an simultaneously involved in 
the operation. 

The flight control objectives associated with simple maneuvers require the control of only one 
primary vehicle attitude or rate. The remaining secondary variables a n  monitored and regulated to 
preserve the stabilized a s p  of the vehicle orientation (e.g. level flight). This type of operation can be 
performed by the configuration shown in Figure 6. 

The remainder of this paper consists of t h m  primary parts: 

. I .  An analysis of test responses of the nonlinear simulation model. Here. test deflections a n  injected 
into the cockpit control mechanisms and vehicle reactions arc analyzed. Low order transfer function 
models of the aircraft's responses are generated for 'use in the selection of pilot characteristics. 

2 .  Discussion and construction of a set of single variable control mechanisms. The low order aircraft 
models, obtained in part I .  are wed to constmct a group of single variable pilou. These pilots will 
provide the control of single air& variables. by visually assessing the a i d  variable and closing 
the control loop through a specific cockpit control mechanism. Each pilot will be designed with a 
specific control objectin in mind. 
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3. Discussion and construction of a single multivariable pilot mechanism. The set of single variable 
pilot mechanisms will be organized into a single. multivariable pilot. This pilot will provide a 
comprehensive control of the aircraft by closing multiple control loops through all available cockpit 
control mechanisms. The pilot's control organization/configuration will depend on the control 
objectives that are required. A group Of pilot configurations will be obtained for a set of standard 
aircraft control maneuvers. 

Figure 6. - A Primary / Regulation Control Configuration 

ANALYSIS OF AIRCRAFT DYNAMICS 

This section presents the development of a set of low order transfer function models that are based 
on an investigation of the fundamental behavior of the nonlinear aircraft simulation model. The low order 
models describe primary. short period vehicle reactions that arc induced by deflections of specific cockpit 
control mechanisms. These models are primarily intended to identify the strongest operational modes of 
the specific control mechanisms. For the mtext of this and the remaining discussions, the dynamics and 
overall accuracies and distonions of the cockpit instrumentation will not be considered. 

, 
Flight Envelopes 

The flight envelope of the V/STOL research a i d  that has been used in this study can be defmed 
by the direction of the thrust vector 171. Figure 7 shows three basic flight configurations. The high speed 
configuration. shown in Figure 7a. is characterized by the thrust vector being directed forward (Le. nozzle 
jet vectors aft). In this mode. the propulsion system supplies the forward thrust component in a manner 
that is common to conventional aimah. The lift and control components are supplied by the aerodynamic 
surfaces as they an fomd through the atmosphere. The magnitude of the thnut vector supplied by the 
propulsion system is used to control vehicle speed. The stabilator is used to control the angle of attack and 
altitude. 

The transition mode, shown in Figure 7b. is described by a general I& of aerodynamic 
responsiveness. As forward speed decreases. aerodynamic surfaces loose their ability to provide necessary 
lift and control functions. As the name implies, the vehicle control actions are in a transition between 
atmospheric flight and powered-lift activities. In general. sustained flight in this region is avoided by 
typical maneuvers associated with acceleration to and deceleration from the high speed envelope 171. 
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Figure 7. - Thnwt Vectored Flight Envelopes 

The low speed configuration. shown in Figure 7c. is characterizcd by the thrust vector being directed 
upward (Le. nozzle jet vectors downward). The lack of sufficient forward velocity requires that the 
propulsion system provide the lift components (powcred-lift). A closer examination reveals that the 
propulsion system supplies the forward thrust and the primary lift component in a manner similar to a 
helicopter's main mor. The magnitude of the thrust vector is primarily utilized to control the altitude and 
it's direction is used to adjust forward speed. The aircrPft relies on it's reaction control system (RCS) to 
supply control and maneuver thrusting. 

As mentioned previously, the primary focus of the research has been directed toward the low speed - 
powered-lift flight envelope. Dynamic response tests wen conducted while in trimmed forward flight at 
speeds ranging from hover to 3S knots. The vehicle was configured with the landing gear down. flaps 
extended to 60 degms. and the lift enhancement devices fully extended. The SAS was enabled and 
provided damping of angular rates. To simplify and stmure the investigation. an initial decoupling was 
achieved by separating the control and response characteristics of the aircraft into the longitudinal and 
lateraldirectional control sets. These sets am of course coupled to some degree. but many of their 
operational modes can be separated 181. 

Longitudind Contiol Set 

The longitudinal control set specifies the control mechanisms and their assoCiated reactions that 
primarily exist in the X-2 body plane. The three cockpit control mechanisms that operate within this 
region an: I )  nozzle angle, 2) throttle, 3) longitudinal stick. 
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Nozzle Angle 

The nozzle angle controls the direction of the propulsion system thrust vector. A typical low speed - 
powered-lift thrust diagram of a decrease in nozzle angle is shown in Figure 8. 

Figure 8. - Thrust diagram of a reduction of nozzle angle during power lift activities 

The nozzle angle for this flight envelope is large. The control structure is very similar to that of the 
longitudinal cyclic of a helicopter. Minor changes in the direction of the thrust vector will tend to 
dominate the forward component. This suggests that the nozzle angle will primarily control the vehicle 
speed. Variations of the nozzle angle in the low speed flight envelope will not have a significant impact on 
the primary lift components. 

Throttle 

The throttle controls the magnitude of the propulsion system thrust vector. A thrust diagram of an 
increase in engine speed is shown in Figure 9. 

Figure 9. - Thrust diagram of an increase in engine speed during powered-lift activities 

T h i s  control behavior is similar to the main rotor collective of a helicopter. Changes in the magnitude of 
the thrust vector will tend to dominate the lift component. Vehicle altitude components will therefore be 
controlled with the throttle. Minor changes in the thrust vector magnitude will not have a significant 
impact on the velocity components. 
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I Longitudinal Stick 

The longitudinal stick is the first of the control mechanisms that use the auxiliary thrust components 
of the RCS jets to perform pitching maneuvers. Figure IO illustrates the auxiliary thrust components 
produced by deflecting the longitudinal stick. 

Figure IO. - Thrust diagram of the backward deflection of the longitudinal stick 

Effects of RCS on the propulsion system due to engine air bleed have been ignored. The RCS thrust 
vectors produce rotational movements about the y-body axis. The aired longitudinal inertial components 
tend to induce sluggish responses. During low speed flight the longitudinal stick is used primarily to 
preserve longitudinal orientations (e.g. angle of attack, pitch angle). Level flight at low speeds is 
accomplished by delicately balancing the aircraft about it's center of gravity. It is important to note that 
the primary t h w  vector of the propulsion system will be redirected during pitching maneuvers if the 
nozzle angle is fixed. 

h t e r r l  - Directional Control Set 

The lateral - directional control set specifies the control mechanisms and their associated reactions 
that exist primarily in the Y-2 body plane (lateral) and the X-Y body plane (directional). The two cockpit 
control mechanisms that operate within these planes arc: I )  lateral stick. 2) Rudder Pedals. 

Lateral Stick 

The lateral stick uses the auxiliary thrust components of the wing tip RCS jets to perform rolling 
maneuvers. Figure 1 1  illustrates the auxiliary thnut components produced by deflection of the lateral stick. 

ROTATIONAL MOTION 

WING-TIP RCS JET 
WHAUST VECTOR 

Figure 11. - Thrust diagram for a right deflection of the lateral stick 
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Again, the effects of the RCS bleed on the propulsion system are ignored. The lateral inertial components 
and the RCS wing tip geometry mate a highly responsive rotational moment about the X body axis. The 
rolling motion redirects the lateral components of the thrust vector. This redirection will tend to dominate 
the lateral velocity components. In addition. the preservation of Iml flight (roll angle) characteristics is 
performed with the lateral stick. It is important to note that the responsiveness of the roll components can 
lead to situations that are unrecoverable [71. 

Rudder Pedals 

The rudder pedals use the tail end RCS jets to perform yawing and lateral maneuvers. Figure I2 
illustrates the auxiliary thrust components produced by deflection of the rudder pedals. 

Figure 12. - Thwt diagram for a counterclockwise rotation of the rudder pedals 

The RCS thrust vectors induce rotations about the Z body axis. This allows rudder pedal control of the 
lateral velocity during turn coordination tasks (sideslip reduction). In addition, heading regulation can be 
provided via the rudder pedals. 

Longitudinal Models 

This section presents the low order models of the longitudinal dynamics of the V/STOL research 
aircraft. The primmy responses that will be investigated are: I )  pitch angle components. 2) altitude 
components, 3) forwrrd velocity components. 

Pitch Angle Model 

This model considers the fundamental response characteristics of the pitch angle components due to 
operation of the longitudinal stick. The time based body pitch nte rrsponse at IO knots md hover. due to 
a I inch impulse deflection of the longitudinal stick can be seen in p f o ~  1.2. respectively. Plot 1 shows the 
initial phase of the time response and tends to indicate simple pole 'behavior in pitch rate. The time 
constant reveals a relatively sluggish response that is characteristic of the auxiliary thrust component of the 
forward RCS jet when mhtched against the longitudinal inertial components. Plot 2 shows the longer term 
response characteristics. Signs of the parasitic phugoid mode arc present in the later phasa of the 
response. This indicata a long term "teetering" behavior in the pitch response. Changes in forward speed 
tend to increase the period of the phugoid mode. No significant variations in the short period mponse 
characteristics due to changes in forward speed an apparent. This type of charactedstic is expected 
because there is little change in the aerodynamic behavior in the low speed envelope. 
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Plot 1. 

A low order transfer function model that describes the short period response in the pilot frequencies over 
the low speed flight envelope is given by: 

0.0 10.0 m.0 1 . 0  (0.0 50.0 Q.0 
TIM ISECI 

Plot 2. 

where 

KIHElm - 0.71 deg/( inch-sac2) 

amETA - 1 . 5 6  sec-' 

The parameters vary only slightly over the entire low speed envelope. The pitch angle model is the direct 
integration of the pitch rate model and is given by: 

where - 0.71 deg/(inch-sec) 

Altitude Models 

These models arc based on the vertical rate and relative dtitude position responses due to the 
operation of tht throttle. plots 3.4 show the t h e  based responses of the vertical rate and the altitude at 25 
knots due to a IO% impulse deflection of the throttle. 
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Plot 3. 
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Plot 3 shows a dunped,sinusoidal response of aircraft vertical rate. The sinusoidal response is due to the 
thrust development time constant of the engine control system and vehicle mass interactions. The vertical 
rate response shows no direct signs of any long term phugoid modes. The vertical rate response in the 
pilot frequencies is described by the low order transfer function shown below: 

where 

I(,,, - 0.086 f e e t / (  %-sac3) 

oALT - 3.7 radr/sec 

The parameten of this transfer function vary only slightly with changes in the nozzle angle and velocity. 
The time based response of the relative altitude position of Plot 4 shows a pure integration of the vertical 
rate response. The relative altitude transfer function model is given by: 

where 

K , ' ~  - 0.086 feet/(%-sec')  

Many guidance applications Will q u i r e  only a vertical rate model. The relative altitude model will be 
used primarily in the design of altitude regulation pilots. 

Forward Velocity Model 

This model ms iden  the variations in forward nlocicy due to operation of the nozzle angle control. 
Plots 5.6 show the timebased responses of the forward velocity at 25 and IO  knots. due to 5 degree 
impulse test dcfkctions of the nozzle angle. 
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Plots S,6 show a rapid step in forward velocity to an impulse deflection in the nozzle angle. This tends to 
support the thrust vector realization of Figure 8. The high speed transient is due to the nozzle positioning 
actuating system during nozzle redirection. The long term phugoid mode of the response can be seen in 
the later phases of Plots S.6 which show slow changes in the forward velocity. This is due to the relatively 
small rotational moment that is provided by the instantaneous redirection of the primary thrust vector and 
a general response to the atmospheric drag. The slow "teetering" reaction illustrates the balancing of the 
vehicle on the thrust vector. A general short period model of the velocity reaction can be described by the 
transfer function shown below. 

0.4 - 

0.2 - 

where 

ICVEL - 0.017 knotr/(deg-scc 1 

0.0t. .'. . , . . . . , - .  . . , . . . . , . . . . , 

The overall accuracy of this model is not important because is will be utilized for a general regulation of 
the vehicle velocity and not as a specific veloCity control. 

Lateral-Directional Models 

This section will present the low order models of the lateral dynamics of the V/STOL ruearch 
aircraft. The primary rqponses that will be investigated are: I )  roll angle components, 2) heading / 
directional components, 3) lateral velocity and sideslip components. 

Roll Angle Models 

This model considen the response characteristics of the roll angle components due to the operation 
of the lateral stick. The time-based impulse responses of the body roll rate and the roll angle, for a I inch 
deflection of the lateral stick at 2S knots can be seen in Plots 7.8. respectively. 

i a 

z 
i! 

Plot 7. plot a. 
Plot 7 shows simple pole behavior similar to th.1 of the pitch components. but with a much greater and 
faster dynamics. This indicates a relatively lively response characteristic in the roll axis. This is primarily 
due to the i n d  a u x i l i  thrust components in the wing tip RCS vents and the inertial components in 
the roll axes. No apparent long term phugoid distortions arc observable. The response characteristics of 
the roll rate can be described by: 
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where 

. . . . , . . . . , . . . . ,  . . . . , . . . .  

- 1 . 8 9  deg/( inch-see') 

aPHI - 3 . 4 5  sec-I 

This transfer function varies little with changes in forward velocity. Plot 8 illustrates the pure integration of 
the roll rate, but shows a strong return to level flight. This response characteristic is expected &cause of 
the limited thrusting of the wing tip RCS vents. The roll angle response in the pilot frequencies can be 
described by: 

' where 

K p ~ l  1.89 deg/( inch-sec) 

( 8 )  

Heading / Directional Models 

This model considers the response characteristics of the yaw rate and heading components due to the 
operation of the rudder pedals. Plots 9.10 show the responses of the yaw rate and yaw angle due to I 
inch impulse deflections of the rudder pcdals at IO knots. 

1.0 , I 

0.0 0.0 ¶.O 6.0 0.0 10.0 
T I t l f  1 9 3 2 1  

.O 

Plat 9. Plot IO. 

The yaw rate response of Plot 9 shows an initial highly responsive response followed by a sluggish 
continued rotation about the vertical axis. The lack of aerodynamic forces and the size of the inertial 
components contribute to this continued rotation. The yaw mte can be described by: 
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KmlM = 0.56 deg/( inch-see'] 

aLpSI = 0.83 sec-l 

b,, 0 .38  S0c.I 

Plot 10 shows the expected double integration characteristics which can be dexribed by: 

when 

= 0.56 deg/(inch-sec) 

The yaw models will primarily be used for heading regulation and small scale changes in direction. The 
yaw rate model can be utilized in flat turning applications where low speedhigh sideslip characteristics 
are permitted. 

Lateral Velocity Models 

These models consider the responses of the lateral velocity and the vehicle sideslip due to operation 
of the rudder pedals and the lateral stick. Plot I I shows the response of the lateral velocity due to a I inch 
impulse of the lateral stick while hovering. Plot 12 shows the sideslip reaction from a 1 inch impulse in the 
rudder pedals at 25 knots. 

-20.0 
0.0 2.0 4.0 fi.0 8.0 10.0 

TIBE 15ECl 

Plot I I .  

6.0 I 0.0 2.0 4.0 6.0 
TIME ISECI 

Plot 12. 

.O 

The lateral velocity response of Plot I I shows a rapid sideways acceleration due to the sustained roll angle 
of Plot 8. This indicates a strong "crabbing" d o n  to the lateral redirection of the thrust vector. which 
supports the thrust diagram of Figure I I. The large degm of asymmetric flight associated with this type 
of maneuver will requin cautious pilot reactions. The response characteristic of the lateral velocity can be 
described by: 
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where 

K ~ , . , , ~ '  = 10 .5  feet/(inch-sec')  

The lateral velocity did not show any significant variations to changes in speed. This is important because 
this type of control is utilked to maneuver laterally during venical landing approaches. Plot 12 shows the 
reactions of the vehicle sideslip. This type of reaction indicates that the aircraft is rotating into the wind 
in a asymmetric/broadsided flight characteristic. This type of response can be described by: 

SIDESLIP( S 1 'SIDESUP 
(13) 

where 

KSIDESUP - 0.37  deg/( inch-sec) 

This type of control reaction will be used to correct asymmetric flight characteristics primarily during 
coordinated turn maneuvers. 

PILOT SELECT ION 

This section presents the design strategies and implementations of the individual single variable 
pilots. These pilots are selected to perform specific control functions. It is important to remember that the 
aircraft dynamic models have been chosen to simplify pilot selection. The responses of the long term 
phugoid modes have not been strictly considered because they rend to be very much slower that the control 
objectives. The ability to achieve the desired closed loop response characteristics was at times hampered by 
the control mechanism deflection restriction. Gain limitations and reduced closed loop bandwidths were 
required in some cases to keep the pilot from banging into the control stops. This of course is not the 
case when actual human pilots arc actively participating in the aircrah control loops. Many times the 
control mechanism limits arc overlooked by the pilot during attempts to provide quickhide ranging 
maneuvers. Conversations with Harrier pilots tended to suggest that this type of control behavior is typical 
in the low speed flight envelope (e.& 'pegged throttle") [7.9]. 

Longitudinal Pilots 

Pitch Control Pibt 

This pilot provides the position control of the pitch angle by assessing the pitch angle and operating 
the longitudinal stick. Typically a h u m  pilot would rely on Visual feedback of the artifhal horizon or 
some form of horizontal external cue. This pilot mechanism will be used primarily to provide a level flight 
characteristic in the longitudinal plane. In addition. this pilot can also be used to provide specific pitch 
angle positioning and to augment nozzle angle controls during acceleration and deceleration maneuvers. 
The integration pole of the pitch response provides an intrinsic Type I system characteristic. Attempts at 
introducing the pilot's compensating pole as a suamdaq integrator to achim a Type I1 response 
characteristic did not provide an adequate closed loop behavior because of the positioning restrictions (a 2 
0.8) of the compensating zero in the human response limitations and the destabilization of the root locus 
due to the pure delay. Figure I3 shows a root locus of the closed loop system. 
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Figure 13. - Root locus of the closed loop pitch control system 

The pilot equalization profile was configured as a lead network to improve the low frequency response 
characteristics. The pilot compensating zero has been placed in such a way as to force the dominant poles 
to reside in the desired locations (wn = 3.1 radslsec. L = 0.74). The pitch control pilot transfer function 
is given by: 

Vertid Rate Pilot 

This pilot provides the control of the vertical rate by assessing the vertical rate and operating the 
engine throttle control. Typically a human pilot would acquire the feedback from the vertical rate 
indicator. This pilot will be used to control ascent and descent rates or can be used as an indirect altitude 
controller. The second order response characteristics of the vertical rate requirts that the pilot supply the 
integrating pole to create a Type I system. This type of equalization configuration produces a lag network 
which tends to create a sluggish closed loop response. The pilot transfer function is described by: 

During the pilot design it was feared that the complex poles of the vertical rate response would migrate 
into the right half plane before an acceptable closed loop response characteristic was achieved. This 
however was not the case. Initially the closed loop bandwidth was set at (wn = 3. I raddsec. E = 0.8 I ) .  
but this caused overzealous pilot responses which tended to drive the throttle to it's limit. The intrinsic 
characteristics of the low speed flight envelope require that the engine throttle be maintained near it's 
upper limit to supply adequate lifting thrust. To overcome this type of noncontinuous behavior in pilot 
control operations. the bandwidth was reduced to (0, = 1.7 rads/sec. C = 0.43). which created a poor 
response characteristic. 
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Altitude Position Pilot 

This pilot provides the control of the relative altitude position by assessing the vehicle altitude and 
operating the engine throttle. Pilot feedback is provided through the altimeter. This pilot mechanism will 
be used in situations where altitude regulation is required. The inherent integrating pole of the altitude 
response was initially augmented by a pilot integrator profile to produce a Type I 1  system. The integrating 
poles were strongly influenced by the presence of the complex poles and the asymptotics of the pure 
delay. The gain required to provide an adequate closed loop response characteristic. produced a pilot that 
suffered from the throttle operations too near the upper limit. This however appears to be an acceptable 
activity during this type of maneuvering f7.9). To provide a response characteristic that is appropriate to 
the human response model, the pilot equalization was reconfigured to the lead network form shown below. 

This type of pilot configuration produced a sluggish response characteristic but did not suffer from throttle 
overdrive. The closed loop response was dominated by the real axis poles and provided a closed l&p 
bandwidth (0, = 2.15 rads/sec). This type of response was considered reasonable because of the large 
madinertial interactions with the main engine thrust components. 

Forward Velocity Pilot 

The forward velocity pilot controls foward velocity by assessing the airspeed and operating the 
nozzle angle. Pilot feedback is supplied by the airspeed indicator or by external visual cues. Although the 
response characteristics of the vehicle velocity show a simple integrating reaction. the large inertial 
components of the vehicle and the nozzle angle limitations tend to insist on sluggish closed loop responses. 
The velocity control pilot was configured to provide 8 Type I1 system by using the pilot's compensation 
pole as an integrator. The pilot's compensating zero was placed at it's limiting position (a = 0.8) to 
provide the most rapid migration to a low damping ratio as possible. The closed loop poles were placed at 
0, = 2.4 rads/sec. t = 0.82. This placement produced pilot control deflections that consistently 
overdrove the nozzle control mechanism. The pilot gain was reduced to limit the control mechanism 
operation and resulted in the pilot model shown below. 

The resulting dosed loop poles were situated at w, = 1.4 radskc. t = 0.6. This produced a very 
sluggish closed loop response. but maintained valid pilot control mechanism deflections. The problem 
with the velocity control orientation in this flight envelope is that the vehicle is basically balancing on it's 
thrust vector. Perturbation of the thrust vector direction cause reactions in the longitudinal axes. primarily 
in the pitch group, This tends to complicate the overall control objectives in the longitudinal axes. 
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ff Lateral - Directional Control Pilots 

Roll Control Pilot 

1 
1 
1 
I 
I 
8 
1 
I 

This pilot provides' the control of the roll angle components by assessing the roll angle and 
manipulating the lateral stick. The pilot feedback is provided by the lateral components of the artificial 
horizon or external visual cues. This pilot is used to provide a level flight characteristic in the lateral plane 
and to provide bank angle control during coordinated turn maneuvers. The design of the roll contro1,pilot 
is very similar to that of the pitch control pilot. Roll components are. however, much more responsive. 
,The responsiveness has been described as being similar to "straddling a greased log" [71. Initial attempts 
at obtaining a Type I1 configuration suffered from the high gain asymptotic distortions of the pilot's pure 
delay. A Type I system was utilized and the pilot's equalization was configured as a lead network. The 
lack of large inertial components in the axis permitted dominant pole placement in a highly desirable 
location (on = 3.1 radslsec. t = 0.65). The resulting pilot transfer function is given by: 

This pilot configuration required no gain adjustments to limit the control mechanism operations. 

Heading Control Pilot 

This pilot controls the relative vehicle heading by assessing the yaw angle and operating the rudder 
pedals. Typically the pilot would receive this feedback through the compass. This type of pilot will be 
used to provide small scale heading changes and heading regulation. The large masslinertial components of 
this control plane tend to create slow response characteristics. The inherent Type I1 profile of the heading 
response model will provide good regulation and rejection of off-heading disturbances. The presence of the 
real pole will, however, limit the closed loop dynamics. The pilot compensation zero was placed at it's 
limit la = 0.8) to force the integrating poles to migrate to the desired locations with minimum gain. but 
this tended to reduce the bandwidth set by the real pole (un = 2.1 rads/sec). The resulting pilot transfer 
function is given by: 

(19) 

The pilot r e s b s c s  showed some signs of rudder pedal overdrive. but these were not considered significant 
enough to warrant further pilot gain reductions. 

Yaw Rate Pilot 
This pilot configuration provides control of the flat turning rate by assessing the yaw rate and 

operating the rudder pedals. Feedback is supplied by the compass. This pilot will be utilized to provide 
flat turns that are controlled through the yaw rate. A Type I I  system is formed by utilizing the pilot's 
compensation pole as an integrator. The compensation zero is placed at it's limit to provide a quick 
migration of the integrating poles. The presence of the real pole in the yaw rate response will again 
reduced the closed loop bandwidth. The pilot transfer function is given by: 
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The pilot's control mechanism operations required a gain reduction to maintain proper operation. This 
placed the dominant closed loop poles near on = 2.21 raddsec. L = 0.65. which created a rather sluggish 
response characteristic. 

Sideslip Regulation Pilot 

During coordinated turn maneuvers it will be necessary to minimize the vehicle sideslip. This pilot 
will regulate the sideslip by assessing the weather vane and operating the rudder pedals. The pilot 
equalization will be configured as a lead network to utilize the Type I 1  characteristics of the sideslip 
response. The Type I1 profile will provide adequate regulation of the sideslip disturbances that are 
expected. The pilot transfer function is described by: 

-32(S + 0 . 8 )  

(S + 20)(S + 1 0 )  

PI LOT 
GSIDESUP( S = (21) 

The closed loop pola were placed at on = 2.45. L = 0.6. This type of response did not cause control 
mechanism limiting but did tend to create a wobbling behavior. 

Lateral Velocity Pilot 

In the low speed envelope, non-rotational lateral motion can be utilized to maneuver the vehicle. 
This type of maneuver is characterized by a "crabbing" motion that has a large sideslip. Many venial 
landing operations will require this type of maneuverability to land on target. The lateral velocity will be 
controlled by assessing external visual cues and operating the lateral stick. The pilot transfer function is 
given by: 

Care must be taken when utilizing this type of maneuver. because a nonrecoverable situation may result if 
large forward speed or nonlevel flight characteristics are present. 

PILOT'INSERTION 

The manner in which a pilot model is insened into the control loops of the V/STOL research aircraft 
is dependent upon the maneuvering characteristics that ue required. The maneuvering charrcteristics will 
define the configuration of single variable pilot mechanisms within the control structure of Figure S. Each 
type of maneuver will require a s$ccific pilot configuration. This section will illustrate the insenion of 
various pilot configurations and maneuvering characteristics. 
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Static Pilot Medianisms 

Static pilot mechanisms are the single variable piloted control loops that have only one maneuvering 
characteristic. 'Ihese are: 

I .  

2. 

Pitch Control via Longitudinal Stick 

Velocity Control via Nozzle Angle 

These pilot mechanisms are the only pilots that use their respective cockpit control mechanism. The static 
pilot mechanisms will therefore reside in every comprehensive pilot configuration. 

Dynamic Pilot Mechanisms 

Dynamic pilot mechanisms are the single variable piloted control loops that have more than one 
maneuvering characteristic. These are: 

I .  Altitude Control via Throttle 

2 .  Vertical Rate via Throttle 

3. Roll Control via Lateral Stick 

4. Lateral Velocity via Lateral Stick . 

5 .  Heading Control via Rudder Pedals 

6.  Yaw Rate Control via Rudder Pedals 

7. Sideslip Regulation via Rudder Pedals 

The pilot model used to manipulate a specific cockpit control mechanism is chosen by the maneuver 
that is desired. Thus each maneuver will require the use of a specific set of dynamic pilot mechanisms. 
Translation between maneuvers will at times require a modification of pilot feedback and equalization 
parameters [tj. This type of behavior will not be considered in this discussion. 

Pilot Insertion and Maneuvering Configurations 

As previously mentioned. each flight control maneuver will require a specific comprehensive pilot 
profile. This section will pesent some typical pilot configurations and analyze their behavior within the 
cockpit of the V/STOL research aircraft. Before considering the various pilot structures. an important point 
should be made. During conversations with Harrier pilots 17.91. it became obvious that certain flight 
control situations known as "Death Angles" exist in the low speed - powered-lift flight regime. Death 
angles a n  vehide orientations that can produce nonrecoverable flight characteristics in the V/STOL 
research aircraft. These situations occur when either velocity. angle of attack. or sideslip reach large values 
simultaneously. If more than one of these flight control variables grow too large the pilot risks a complete 
loss of control. This behavior stems from the balancing of the vehicle on it's thrust vector during powered- 
lift activities. An example of this phenomena can be Ken in low speed high angle of attack maneuvers like 
the execution of an altitude control operation. Here the vehicle forward velocity'is relatively low and the 
high angle of attack is generated by the altitude translation. If a small sideslip angle is nor maintained. the 
lateral rotational forces can create wry large rolling motions that can not be compensated by the wing tip 
RCS auxiliary thrust components. This type of behavior can be suppressed if consewative pilot 
configurations arc used and the pilot is not subjected to outlandish command sequences. The flight control 
maneuvers that will be presented are shown below. 
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I:' I 

! 1. Pitch Reorientation 

2. Velocity Translation 

3. Altitude Translation 

4. Small Scale Heading Translation 

5 .  Altitude Rate Maneuver 

6. Flat Turn Maneuver 

7. Coordinated Turn 

Maneuvers I - 4 use an identical pilot configuration. The maneuvers are defined by the variations of 
a single flight control variable in the command sequence. This pilot configuration will be considered 
fundamental and is shown in Figure 14. 

Figure 14. - The Fundamental Pilot configuration 

This pilot configuration is based in the control svucture of Figure 5. The remaining maneuvers will require 
specific pilot configurations. feedback paths. and command sequences. 

Pitch Reorientation 

The pitch reorientation maneuver is designed to provide pitch angle translation while maintaining 
level flight characteristics in the lateral. altitude. and velocity components. The pitch angle rotation will 
cause a rcdinction in the primary thrust vector which will directly influence the altitude and velocity 
components. The altitude and velocity pilot mechanisms will be forced to compensate the disturbances 
associated with the pitch pilot's activities. The fundamental pilot configuration is used to perform this 
maneuver. The m m a n d  sequence will provide that only the pitch angle be modified. the other variables 
will remain k their precommand trimmed values. This type of command sequence will implement the 
control structure shown in Figure 6. A IO degree step maneuver in pitch from a IO knot trimmed flight at 
100 feet is commanded by the following sequence. 

TRIMMED COMMAND 

FINAL REPORT For 

THETA = 7.3 degrees . THETA = 17.3 degrees 
PHI = 0.0 degrees 
PSI = 0.0 degrees 
ALT = 100 feet ALT = 100 feet 
VEL = IO knots VEL = IO knots 

PHI = 0.0 degrees 
PSI = 0.0 degrees 
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The command sequence was injected at I second into the simulation run. Plot I3  shows the I O  
degree step in vehicle pitch angle. Plot 14 shows the pilot's manipulation of the longitudinal stick. 
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Plot 13. Plot 14. 

The reorientation of the thrust vector created decelerating disturbances in the velocity component. Plot 15 
shows the velocity response due to the pitch maneuver. Plot 16 shows the pilot's compensating deflection 
of the engine nozzles. 
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Plot IS. Plot 16. 

Altitude and lateral/directiond disturbances were not significant and required only small scale 
compensation by the pilot mechanisms. 

Velocity Translation 

The velocity translation maneuver i s  designed to provide modification of the vehicle fonrard 
velocity. while maintaining level flight ar a constant altitude. This  maneuver uses the redirection of the 
primary thrust vector to modify the forward thrust. The reoriented thrust vector wil l  disturb the flight 
characteristics of the pitch and altitude components. This maneuver will utilize the fundamental pilot 
configuration of Figure 14. A 5 knot reduction in forward velocity from a 25 knot trimmed flight at 100 
feet is  commanded by the following sequence. 

TRIMMED COMMAND 

THETA = 6.5 degrees THETA = 6.5 degrees 
PHI = 0.0 degms PHI = 0.0 degrees 
PSI = 0.0 degrees PSI = 0.0 degms 
ALT = 100 feet ALT = 100 feet 
VEL = ' 2 5  knots VEL = 20 knots 

This command squencx was injected I second into the simulation run. Plot 17 shows a sluggish 
velocity response which is a characteristic of the interaction of the rotated thrust vector and the vehicle's 
longitudinal masslinenid components. Plot 18 shows the pilot's control deflection of the engine nozzles. 
Note that the pilot's deflection of the nozzle angle control is  near it 's upper limit (98 degms). 

FINAL REPORT For 44 NASA Grant NAG 3-729 

' 



95.0 1 

loo. I 

- 1oo.o- 
5 

3 

I- 

99.1 - w 

I- SA- - 
2 99.7- 

9 9 - 1 1 . .  . . 8 . .  . .  I . .  . . I . .  1 \ 

1 6 . 0 4 . .  . . 9 . .  . . 1 . .  . . I ‘ . . ‘ I  
0.0 5.0 10.0 15.0 20.0 

TIME ISLCl 
Plot 17. 

75.4 

- n.1- - 
W 

75.0- 5 
2 n . 0 -  

7 4 . 6 - p . .  . . , . . . . , . . . . , . . . . j  

75.04.. . . , . .  . . , . . . . , . . . . - I  
0.0 5.0 10.0 IS.0 m.0 

TIME ISECI 

Plot 18. 

Plot 19 shows the pitch angle reaction to the thrust vector rotation during the velocity control maneuver. 
Plot 20 shows the associated compensatory manipulation of the longitudinal stick by the pitch pilot IO 
maintain level flight. 
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Plot 19. Plot 20. 

Altitude Translation 

The altitude translation maneuver provides changes in vehicle altitude while maintaining level flight 
characteristics and constant velocity. This maneuver will require modification in the magnitude of the 
primary thrust vector which will directly influence the forward velocity components. Again the fundamental 
pilot configuration is utilized. A IO foot increase in altitude from a I O  knot trimmed flight at I00 feet is  
commanded by the following sequence. 
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Plot 23 shows the altitude step which tends to be dominated by the lagging dipole on the real axis. Plot 24 
shows the pilot's manipulation of the throttle. Note that the pilot's throttle deflection i s  close to the upper 
limit (100 96). 

. . . . I . . . 1 . . . I . . . . 

Plot 25 shows the velocity reaction due to the increase in primary thrust. As was expected. the large angle 
associated with the thrust vector's direction induces only small disturbances in the forward velocity. Plot 26 
shows the pilot's redirection of the thrust vector to maintain the forward velocity. 
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Plot 23. Plot 26. 

Plot 27 shows the pitch angle disturbance of the altitude translation. Plot 28 shows the pilot's 
compensating operation of the longitudinal stick. 
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Plot 27. plot 2a. 
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Heading Change 

15.0 3.0 - 
2 - - 

Lo 
v, 
J 0 a 

c3 1.0- 
z L 
2 5.0- a 

a 

10.0- 

- 
8 0.0-- 
0 
3 

Y 
- 1 . 0 7 .  

Low speed heading changes are perfonned by direct directional rotation of the vehicle while 
maintaining level flight at a constant altitude. This type of flight maneuver is  generally used only for small 
scale direction changes or for heading regulation. Vehicle rotation i s  provided by the thrust components of 
the tail-end RCS jets. The direct vehicle yawing rotation induces pitching and rolling disturbances due to 
the asymmetric flight characteristics. The rotation of the directional components of the thrust vector aused 
only small disturbances in the altitude and velocity. Care must be taken during the execution of this 
maneuver to not allow a large sideslip angle to develop. Large asymmetric behavior may excite T)cath 
Angle" responses. The fundamental pilot configuration i s  used to perform this maneuver. A I O  degree step 
in vehicle heading from a 25 knot trimmed flight at 100 feet i s  commanded by the following sequence. 

. . . 1 . . . . 1 , . . I . . . . 

TRIMMED COMMAND 

THETA = 6.5 degrees 
PHI = 0.0 degrees 
PSI = 0.0 degrees 
ALT = 100fqt 
VEL = 25 knots 

THETA = 6.5 degrees 
PHI = 0.0 degrees 
PSI = 10.0degrees 
ALT = 100 feet 
VEL = 25 knots 

Plot 3 I shows the roll angle reaction to the directional rotation of the vehicle. This type of response shows 
the inherent rolllyaw coupling of the lateral-directional control set. Plot 32 shows the lateral stick 
deflection to compensate for the roll disturbance. 

Plot 3 I .  Plot 32. 

Plot 33 shows the pitch angle disturbances due to the asymmetric flight characteristics. This  disturbed 
longitudinal reaction is quite small but does show I characteristic nose up reaction to the yaw transition. 
Plot 34 shows the longitudinal stick Radon. 
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Altitude Rate Maneuver 
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The altitude rate maneuver provides ascent and descent rate control while maintaining level flight 
characteristics. T h i s  maneuver uses thrust magnitude control which will tend to disturb the velocity and 
pitch angle components. The altitude rate maneuver uses a modified fundamental pilot. The single variable 
modification to Figure 14 is shown below: 

This configuration differs from the fundamental pilot by utilizing venical rate feedback and modifying the 
throttle control to the altitude rate pilot parameters. A 5 ft/sec step in vertical rate from a 25 knot trimmed 
flight at 100 feet is commanded by the sequence shown below. 

TRIMMED COMMAND 

THETA = 6.5 degrees 
PHI = 0.0 degrees 
PSI = 0.0 degrees 
ALTDT = 0.0 feetlsec 
VEL = 25 knots 

THETA = 6.5 degms 
PHI = 0.0 degrees 
PSI = 0.0 degrees 

ALTDT = 5.0 feet/sec 
VEL = 25 knots 

Plot 35 shows a sluggish step in vertical rate. Plot 36 shows the pilot's control operation of the throttle. 
The poor quality of the vertical rate response is do to the reduction of pilot gain needed to supply limited 
throttle deflections. 
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Plot 35. Plot 36. 

Plot 37 shows the velocity disturbance due to the incmsc in thrust of the throttle opention. Plot 38 show 
the pilot's adjustment of the thrust direuion to compensate for the velocify response. 
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Plot 39 shows the pitch angle reaction to the step in vertical rate. This type of response characteristic is 
primarily due to the large change in the angle of attack associated with this type of maneuver. Plot 40 
shows the pilot's cornpcnsatory operation of the longitudinal stick. 
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Plot 39. Plot 40. 

Yaw Rate / Flat Turn Maneuver 

The yaw rate/flat turn maneuver provides non-coordinated turning capabilities when large sideslip 
maneuvers are permitted. This type of maneuver is reserved only for the low speed envelope. This 
maneuver utilizes a single variable modi tkation to the fundamental pilot configuration shown below: 

A I O  degree/sec step in yaw rate from a 25 knot trimmed flight at 100 feet is  commanded by the sequence 
shown below: 

TRIMMED COMMAND 

THETA = 6.S degrees 
PHI = 0.0 degms 
PSIDT = 0.0 degreeslsec 
ALT = 100 feet 
VEL = 23 knots 

THETA = 6.5 degrees 
PHI = 0.0 degrees 

PSIDT = 10.0 degms/sec 
ALT = 100 feet 
VEL = 2S knots 

Plot 4 I shows the 10 dcgree/sec step in yaw rate, The response shows signs of a lagging dipole on the real 
axis. Plot 42 shows the pilot's controlling deflection of the rudder pedals. 
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Plot 42. 

1.0 

Plot 43 shows the roll angle disturbance of the rolllyaw coupling in the lateral-directional control set. Plot 
44 shows the pilot's compensatory operation of the lateral stick. The pilot's compensation produces a step 
in roll which tends to induce additional yaw rate components. Without compensative pilot actions the roll 
angle would have parabolically increased to a nonrecoverable point. 

Plot 43. Plot 44. 

Plot 45 shows the disruption of the pitch angle due to the yaw rate maneuver. This type of disturbance is 
characteristic of the nose up type response during yawing maneuvers. Plot 46 shows the pilot's deflection 
of the longitudinal stick to maintain level flight. 
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Plot 46. 

Coordinated Turn Maneuver 

The coordinated turn maneuver prmides headins changes via banked turns. Turn coordination is  
achieved by suppressing sideslip via the rudder pedals. A higher level guidance process is  assumed to 
control the heading transition through the roll angle. In an ideally decoupled longitudinal and lateral 
system the turn rate is  given by 181: 
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Symmetric (i.e. zero sideslip) flight i s  assumed. This representation indicates that the turn rate can 
be controlled through the bank angle. Although the V/STOL research ahcraft i s  not completely turn 
decoupled. this is  a very good approximation. The fundamental pilot configuration is  modified to provide 
sideslip suppression in the following manner: 
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A I O  degree bank turn from a 25 knot trimmed flight at lo0 feet is  commanded by the following 
sequence: 

TRIMMED COMMAND 

THETA = 6.5 degrees THETA = 6.5 degrees 
PHI = 0.0 degrees PHI = 10.0 degrees 
BETA = 0.0 degrees BETA = 0.0 degrees 
ALT = 100 feet ALT = 100 feet 
VEL = 25 knots VEL = 25 knots 

Plot 47 shows the commanded I O  degree step in roll angle. The disturbed transient i s  due to the sideslip 
correction. Plot 48 shows the lateral stick deflection by the pilot. 
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Plot 49. 
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Plot 50. 

Plot 51 shows the pitch angle reaction to the execution of the coordinated turn. Note the nose down 
behavior that i s  in direct conflict with the flat turn maneuver responses shown in Plots 33 and 45. This is 
due to the primary use of roll components versus the usc of purely yaw components. Plot 52 shows the 
pilot's compensatory operation of the longitudinal stick. 

FINAL REPORT For 51 NASA Grant NAG 3-729 



6.1 - 
6.0- 

5.5- 

5.0 . . . . , . .  . . I ' .  " 4 . .  . . 
0.0 5.0 10.0 15.0 20.0 

T I E  I S f C )  

- - 
Y 2 Q.2- 

I- 
VI 

P -O-'- 

3 

- 
2 -0.4- 

c3 
5 

- 0 . 5 1 . .  . . , . .  . . I . .  . . I . .  . . + 

Plot 5 I. 

CONCLUSION 

The development of a set of low order human pilot models and their insertion into the flight control 
loops of a thrust vectored V/STOL research aircraft has k e n  presented. The response characteristics of the 
pilot configurations when actively participating in the aircraft flight control has shown an adequate 
following of the vehicle trajectory commands. Although simple in approach. the multivariable pilot model 
appears to represent typical flight control maneuvers. Results pre-sented in this paper have yet to be 
correlated with actual piloted flight simulation. 

Present research is  focussed on the use of parameter identification, adaptive. and optimal control 
techniques to improve pilot modeling. These approaches provide many advantaga ranging from adapting 
to changes in aircraft dynamics to variations of control structure. The eventual goal is  to develop a generic 
pilot model that can be inserted into a wide variety of aircraft and will leam/adapt to the control structure 
of the vehicle. 
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ABSTRACT 

I 
I 

I 

This report presents an overview of research work focussed on the design and insertion 

of classical models of human pilot dynamics within the flight control loops of V/STOL 

aircraft. The pilots have been designed and configured for use in integrated control system 

research and design. The models of human behavior that have been considered are: 1) 

McRuer-Krendel - a single variable transfer function model, 2) Optimal Control Model - a 

multi-variable approach based on optimal control and stochastic estimation theory. These 

models attempt to predict human control response characteristics when confronted with 

compensatory tracking and state regulation tasks. 

An overview, mathematical description, and discussion of predictive limitations of the 

pilot models is presented. Design strategies and closed loop insertion configurations are 

introduced and considered for various flight control scenarios. Models of aircraft dynamics 

(both transfer function and state space based) are developed and discussed for their use in 

pilot design and application. Pilot design and insertion are illustrated for various flight 

control objectives. Results of pilot insertion within the control loops of two V/STOL 

research aircraft ( 1) Sikorski Black Hawk UH-mA, 2) McDonnell Douglas Harrier I1 AV- 

8B) are presented and compared against actual pilot flight data. Conclusions are reached on 

the ability of the pilot models the adequately predict human behavior when confronted with 

similar control objectives. 
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NOMENCLATURE 

! - Time variable. 

! - Laplacian complex variable. 

! - Transfer function model of the human's muscular system. 

- Time constant of the human's muscular system. 

! - Transfer function model of human response dynamics. 

2 Forward path gain of the human response model. 

! - Time delay of the human response model. 

i Lead/Lag time constants of the McRuer-Krendel pilot equalization network. 

TK,TK' 2 Time constants of the general form McRuer-Krendel muscular system. 

!? - Undamped natural frequency 

! - Damping ratio 

4 System matrix of a state space representation. 

Input dismbution matrix of a state space representation. 

Measurement mamx of a state space representation. 

e State vector of a state space representation. 

Input vector of a state space representation. 

f Precieved system output vector of a state space representation. 
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NOMENCLATURE - continued 

- 
W ! - Disturbance vector of a state space representation. 

Vuu,Qu f Remnant motor noise model. 

Vyy,R,, g Remnant observation noise model. 

J() f Cost function associated with the control objectives. 

Q,Qopt 4 - State weighting mamx of the cost function. 

R,Ropt 4 Input weighting mamx of the cost function. 

S,Gopt 4 Control rate weighting mamx of the cost function. 

q,p,r 6 Vehicle pitch, roll, and yaw rates. 

e,$,yf ! - Vehicle pitch, rollm and yaw(heading) Euler angles. 

Vu,V,,Vw 4 Forward, lateral, and vertical vehicle velocities. 

q,yy, ,zz ,  ! - Longitudinal, lateral and vertical positions. 

ALT,ALTDT f Altitude and vertical rate, respectively. 

x(ue.q.w.e,j.T) f Parameters of the X-directed force components of the longitudinal 
- dynamics. 

%qw,e.j.T) 4 - Parameters of the pitch rotational moment components of the 
longitudinal dynamics. 

%.e.q.w.e.j,~ Parameters of the 2-directed force components of the longitudinal 
dynamics. 



NOMENCLATURE - continued 

L(p,v.r.a.rr) 2 Parameters of the roll rotational moment components of the lateral 
dynamics. 

2 Parameters of the yaw rotational moment components of the lateral 
dynamics. 

N@.v.r.am) 

Y(~g.v.r.asr) ! - Parameters of the Y-directed force components of the lateral dynamics. 

4 Longitudinal stick cockpit control mechanism for the Harrier AV-8B. 

! - Lateral stick cockpit control mechanism for the Harrier AV-8B. 

! - Rudder pedal cockpit control mechanism for the Harrier AV-8B. 

! - Nozzle angle lever cockpit control mechanism for the Harrier AV-8B. 

Throttle lever cockpit control mechanism for the Harrier AV-8B. 

Main rotor collective stick cockpit control mechanism for the Black Hawk. 

Tail rotor collective pedal cockpit control mechanism for the Black Hawk. 

2 Longitudinal cyclic stick cockpit control mechanism for the Black Hawk. 

- 5 Lateral cyclic stick cockpit control mechanism for the Black Hawk. 
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I. INTRODUCTION 

The practical problems associated with aircraft flight control system design and 

evaluation are complex and wide ranging. During the design phase, control system 

designers are faced with the selection of the control parameters that will best fit the system 

performance and control objectives, the vehicle configuration, and the particular situation. 

Powered-lift V/STOL aircraft pose unique problems in controls design since the propulsion 

controls are an integral part of the overall flight control system. Control system response 

characteristics and thus the control parameters are typically chosen from analytic 

evaluations and iterative design methods. Mathematical models of the vehicle and control 

system are developed. Control parameters are selected by various techniques to achieve the 

desired response characteristics. Evaluations of the control system performance are carried 

out in computer simulation environments or by a closed form approaches. Test input 

deflections (Le. steps, ramps, disturbances, etc.) are injected into the various control 

mechanisms to directly excite specific closed loop dynamics. Measurement and subsequent 

evaluation of the closed loop vehicle and control system responses determine if the desired 

characteristics have been achieved. 

The analysis of the control system and aircraft dynamics, in this typical design 

approach, provides the designer with valuable insight to the system's generaVfunctiona1 

operation, but with only a limited basis to gauge the final selection of the control 

parameters. These limitations are associated with the lack of the total system response (Le. 

the summation of the aircraft, control system, and the human pilot's dynamics). When an 

actively participating human is introduced to the flight control environment, he brings with 

him a complex array of control responses, that serve as inputs to the vehicle and control 

system. These inputs differ significantly from the test inputs used during the initial design 
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process. Thus the pilot's dynamic behavior must be carefully considered throughout the 

design and evaluation process. 

When actively involved and participating in a flight control environment, the pilot acts 

as a controls integrator by performing a variety of control tasks via the manipulation of the 

multiple cockpit control mechanisms (e.g. longitudinal and lateral stick, rudder pedals, 

throttle, etc.). In addition, some flight scenarios require the pilot to perform tasks other 

than the control commitments (e.g. communications, navigation, weaponry system, etc.). 

Because the pilot is such an integral component of the overall flight control structure, pilot 

opinion tends to be the major criterion for deciding whether connol system performance is 

satisfactory. 

Current approaches to incorporating human response characteristics during the control 

system design involve the use of fixed-base piloted simulators. This phase is a necessary 

step in the overall system design process and provides the ultimate source of human 

response characteristics for evaluation purposes. In addition, the pilot's opinion can be 

directly incorporated as the final gauge of the overall system performance. The direct 

incorporation of fixed-base human piloted simulation within the design phases provides a 

safe and effective environment for controls design, but suffers from problems of cost, 

scheduling, and inconvenience. These stem from the necessity that the development take 

place at remote sites within the simulator structure and schedule. To further complicate 

matters, one must also take into account the acquisition of qualified pilots. 

An alternative approach, to the direct incorporation of actual human pilots, is the use of 

analytic models of human behavior within a computer simulation environment. These 
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"paper pilots'' attempt to simulate various aspects of a human's dynamic response 

characteristics when confronted with certain classes of closed loop control objectives. 

Analytic pilot models provide the ability to analyze and evaluate the fully integrated, total 

system response characteristics, before the control system is introduced to a remote manned 

simulator facility. This approach represents a significant advantage in cost, time, and 

convenience by allowing the base line control system design to be completed at the home 

institution and then to be thoroughly tested and adjusted at a remote, manned simulator site. 

Human pilot behavior is, however, very complex. Analytic models tend to be limited in 

their abilities to precisely predictor human behavior in a given situation. These limitations 

stem from the model's inability to fully simulate the human's methods of deriving 

information from a variety of sources (e.g. visual, auditory, etc.), the human's complex 

information processing activities, and his physical methods of applying the control 

commands. In addition, individual human pilots perfondact differently when confronted 

with identical control objectives. Thus, human pilot models can only attempt to represent 

human behavior is a very general sense. 

LA. A Piloted Control Simulation Structure 

Pilot activities within a flight control environment are directed at a wide variety of 

operations and objectives. The pilot must provide the necessary control, stabilization, I 

guidance, and navigation, along with any additional tasks associated with a specific 

mission. The pilot supplies the controls needed to achieve the mission objective by actively 

analyzing his environment and instituting the appropriate control commands. The pilot 
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therefore functions as a control integrator, by acting as the center piece of the entire control 

structure and actively participating in the closed loop control efforts. 

A human pilot flies an airplane by a feedback method. He senses by sight or feels by 

"the seat of the pants", the motion of the aircraft, and manipulates various cockpit control 

mechanisms to minimize the error between the actual and some desired motion. In other 

words, the motion of the aircraft is perceived, both directly and indirectly through the 

visual inspection of cockpit flight instrumentation (e.g. altimeter, artificial horizon, etc), 

external visual cues, auditory (the manner by which a car driver can shift gears by the 

sound of the engine), and by physical means. Through his computational mechanisms and 

thought processes, the pilot assesses the perceived vehicle attitudes/orientations, and 

determines the necessary compensative corrections. The pilot applies the corrections to the 

cockpit control mechanisms, through the physical movement of his muscular system. This 

is a form of negative feedback control, where the controller (pilot), must close the loop to 

achieve some desired, overall control objective. 

To simulate active pilot participation within a closed loop control environment, the 

control structure illustrated in Figure 1.A.-1. has been considered. Within this structure, the 

pilot appears as a cascaded compensator that is driven by command based vehicle attitudes 

and orientations from some type of guidance or navigation process. The pilot attempts to 

orient the vehicle in the manner specified by the command via the manipulation of the 

appropriate cockpit control mechanisms. The control configuration shown in Figure 1.A.- 1 

assumes that the pilot feedback is based on visual assessments of cockpit instrumentation 

and external visual cues. The assumption of visual feedback reduces the effectiveness of 
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the simulated pilot because of the inherent limitations due to the lack of other forms of 

feedback (i.e. auditory, physical, etc.). 

The research work that is presented in this report is focussed on the development of 

analytic human pilot models, "Paper Pilots", to serve as design tools for controls systems 

research. The models are tailored for use in computer simulation environments involving 

V/STOL research aircraft. The control structure of Figure 1.A.- 1 is used as the basis for the 

design, analysis, and insertion of the pilot model within the control loops of the V/STOL 

aircraft that are considered. This report will present an overview of the human models, 

simulated aircraft environments, and inserted pilot results of the research that has been 

conducted. Chapter I1 presents a description of the models of human dynamic behavior that 

have been utilized. The inherent limitations in their abilities of predicting human behavior 

are discussed. Chapter I11 discusses the techniques utilized in the design and insertion of 

the pilot models. Aircraft simulation environments and some simplified models of vehicle 

dynamics are introduced for use in the design of the pilot models. Pilot design is 

demonstrated and control objective considerations are discussed. Finally, configurations 

for pilot insertion to the control environment are discussed. Chapter IV introduces the 

concepts involved in the development of the vehicle dynamics models that have been used 

in the design of the pilots. Model structure and parameter identification are discussed and 

considered for their compatibility with the specific pilot configuration. Models of specific 

V/STOL vehicles and regions of the flight envelope are presented. Chapter V illustrates the 

pilot design and control loop insertion strategies for the specific V/STOL vehicles. Pilot 

parameters are presented for the various vehicles and flight scenarios. Results of pilot 

insertion are presented and discussed. Comparisons are made between the pilot models and 

the flight data of actual human pilots performing similar flight control operations. Chapter 



VI presents a discussion of the results and an overall conclusion of the research that has 

been conducted and poses questions to be considered for future research efforts. Appendix 

A discusses the general mathematical characteristics of the Optimal Control Model of 

human behavior. The continuous time OCM is discussed and a discrete time representation 

is derived. Appendix B presents the derivation of a high order state space model of the 

V/STOL research aircraft (Harrier I1 AV-8B) for use with the OCM. Appendix C is a users 

guide for the OCM software. The general structure of the OCM code is introduced and 

procedures for installation and application of the OCM are presented and discussed. 
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11. MODELS OF HUMAN PILOT BEHAVIOR 

The human pilot models that have been considered in this research are based on quasi- 

linear models of human behavior in closed loop compensatory tracking and state regulation 

tasks. The predictedhimulated human compensative control responses are generated from 

visual assessments of some displayed error or external visual cue. The models do not 

consider the other techniques that actual humans utilize to obtain information (Le. auditory, 

physical (seat of the pants)). A human's control characteristics can be simulated by a 

cascade of three linear operators[ 1,2,3,4,5,6,7], as shown in Figure 11.-1, and enumerated 

below: 

1. Neuro-MuscularNotor Dynamics - This operator describes the lagshandwidth 

constraints imposed by the human's muscular system and is approximated by an 

adjustable, linear, first-order lag given by: 

1 
(11.- 1) 

where T,, is the time constant of the neuro-motor response. It is important to note that the 

human's muscular bandwidth is often restricted by the rate limitations of the cockpit control 

mechanism. The time constant of this lag can be selected to accommodate these effects on 

the bandwidth at which the human can exert control operations. 

2. Pure Time Delays - These operators describe various internal time delays associated with 

visual information processing and new-motor signal pathways. 

3. Equalization Network - This operator describes the control strategy implemented by the 

human to close the loop in a manner that best fits a given situation. Typically, the human 
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will select the equalization network to provide the dominant closed loop control response 

with a damping ratio (5)  in the range, 0.5-0.8, and a natural frequency (a,,) in the range, 3- 

4 radsec. 

The inherent unpredictability of the human's response is simulated by a random 

component called the controller remnant. 

In this research, two types of human dynamics models have been considered: 1) 

McRuer-Krendel - a single variable linear transfer function description, 2) An Optimal 

Control Model - a multi-variable state space approach based on optimal control and 

stochastic estimation theory. Each model is based on differing implementations of the three 

cascaded operator description. This section presents a general overview of the two models, 

their mathematical foundations and their inherent limitations of simulating/predicting human 

dynamic behavior. 

1I.A. - McRuer-Krendel Model of Human Dynamics 

The McRuer-Krendel model (MKM) is a single-degree of freedom quasi-linear model 

based on a best fit analysis of experimental human response data [1,2,3,6,7]. The model 

uses assessments of visually-based information to produce compensative control 

mechanism displacements. The general form is given by: 

(1I.A.- 1) 
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where Hp(s )  is the transfer function of the human response, often referred to as the 

describing function, s is the complex Laplace transform variable, the input is the visually 

based error signal, while the output is the corresponding control displacement. McRuer and 

Krendel discuss typical values of the precision model in [ 1,2,3]. 

Within this model, human activities are represented by physiological and equalization 

sections. Physiologic attributes simulate the limitations and abilities of the human's 

physical mechanisms. The inherent lags associated with the human's visual, information 

processing, and signal transmission systems are modeled by a pure delay. The restrictions 

associated with the muscular system are represented by the system within the brackets. The 

equalization attributes simulate the control strategies employed by the human to achieve the 

required closed loop responses in the form of a lead-lag network. The primary focus of the 

research using this type of human pilot model has been directed toward the fundamental 

control activities of the pilot during various flight control maneuvers. A zero remnant is 

therefore used during the development of the McRuerKrendel pilot control strategies. 

Remnant selection for these types of piloted flight configurations is described in [8]. 

The model of EQ(I1.A.-1) can be simplified to obtain the transfer function, 

(11. A. - 2) 

where very low and very high frequency accuracy is not necessary. This transfer function 

model is illustrated in the simplified block diagram of Figure II.A.-l. The rejection of the 

very low and high frequency content is a reasonable assumption for the human pilot since, 

as discussed before, the bandwidth of the closed loop is 3-4 rad/sec (or 0.48-0.64 Hz). 
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The pure transmission time delay parameter TD is estimated to be between 0.13-0.23 

seconds [ 1,2,3,6,7]. Although the changes in the time delay can be significant depending 

on the particular control task, the parameter selected at TD=0.20 was considered reasonable 

for the purposes of this research. The term l/(TNs+l) is an approximation of the neuro- 

muscular lag of the arm meaning that the pilot can not move his arm faster than the rate of 

this pole. The value of TN is assumed to be constant and approximately 0.10 seconds. The 

remaining term, I$(TLs+~)/(TIs+~), is the equalization part of the model (a time dependent 

variable gain and a lead-lag compensator) whose parameters are altered by the pilot to the 

particular flight configuration and control objective. The constraints on the model 

parameters are as follows: 

O.OSTLS2.50 (TL#TN) 
0.01TI120.0 
TpO.  10 

TD4.20 

(11. A. - 3 a) 
(II.A.-3b) 

(11. A. - 3 ~ )  

(11. A. - 3d) 

The lead-lag compensator/equalizer is based on the assumption that the human is 

required to furnish at least one differentiation and one integration to obtain the desired 

performance, and the c o n s h t s  on the parameters, TL and TI determine how efficiently the 

integration and differentiation processes are performed by the human. Even though there 

are only a few parameters to be adjusted, the analysis is still not mvial because of the time 

delay, time-varying pilot parameters and time-varying aircraft dynamics. 
I 



1I.B. - The Optimal Control Model 

The Optimal Control Model (OCM) [4,5,6,7] is a multi-Variable approach to the 

modeling of human behavior. The OCM is based on the use of modern control and 

estimation theory to simulate/predict human behavior in closed loop control operations. The 

OCM is capable of treating multi-variable systems by incorporating a single conceptual 

framework based on state space techniques. The primary assumption involved in the OCM 

is that a well trained human pilotloperator behaves in a near optimal manner subject to his 

inherent limitations, constraints, and control tasks [4]. This optimal behavior is simulated 

by an analogous optimal control system. The optimal control system operates to minimize a 

quadratic performance index in the presence of various system inputs, noises, and 

disturbances. 

The system under control consists of the control element and displays which are 

modeled by a linear state equation and output equation. 

- 
x(t) = A X(t) + B U(t) + G(t) 

- 
y(t) = c Z(t) 

The "n" dimensional state vector is defined by: 

x = [XI,X2, ..., X,]T 

The human manipulates "m" controls: 

- 
U 

(1I.B .- 1 ) 

(11. B. -2) 

(11. B. -3) 

(1I.B. -4) 
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e and observes "1" system displays (output variables): 

It is assumed, from remnant and psychophysical studies of human perception [9] that the 

human can extract position and rate from a single display or external visual cue, but can not 

extract higher derivatives. Thus the output "y(t)" contains those quantities explicitly 

displayed as well as those implicitly derived by the human. This is an important concept 

because it will be directly incorporated in the organization of the vehicle model and the 

strategies associated with displayed information. The disturbance, $t), is a vector of zero 

mean, white gaussian noise processes and is generally associated with atmospheric 

turbulence when considering aircraft applications. 

The OCM models human behavior in two categories: 1) intrinsic human limitations, 2) 

human controlkqualization efforts. Simulation of human limitations is provided by a time 

delay, a neuro-muscular dynamics model, and a controller remnant. The time delays 

associated with visual infomation processing, neuro-muscular signal propagation, and 

other operations are combined into a lumped equivalent perceptual time delay, T,. It is 

assumed that all outputs art delayed by the same amount. Typically, this delay is on the 

order of 0.2 seconds [4,5,6,7,10,11,12]. Neuro-musculadmotor dynamics are represented 

by an adjustable lag matrix, T,. This lag is not directly modeled as an inherent limitation, 

but is indirectly incarporated by weighting the control rate terms in the cost function of the 

optimal control strategy. The inclusion of a control rate term results in a first-order lag 

being introduced in the optimal controller. This term is utilized to indirectly model the 

physiological limitations of the rate at which a human can perform a control action due to 
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the neuro-muscular/motor dynamics. Controller remnant is modeled by an observation 

noise vector, V,(t), and a motor noise vector, V,,(t), where 

E( v,(t),TDT(O)} = R, 6(t-o) (11. B . -6) 

E ( ~ , ( t ) , ~ u u T ( ~ ) ]  = Q,, 6(t-a) (11. B. -7) 

The observation noise models the inherent uncertainty of the human's visual assessments 

of the displayed information. A separate noise source is associated with each displayed 

output. The noise processes are modeled as an independent, zero mean, white, gaussian 

noise sources. The spectral density is proportional to the mean-squared value of the 

displayed variable, which is basically a signal-to-noise ratio that is on the order of -20dB 

[5,6,7,8,10]. The motor noise models the inherent uncertainty of the human's control 

execution. Like the observation noise, the motor noise is assumed to be independent, zero- 

mean, white, and gaussian. The spectral density is proportional to the mean-squared 

operator output. The motor signal-to-noise ratio is typically chosen near -25dB 

[5,6,7,8,101. 

The human's equalization network describes the manner in which the human attempts 

to optimize his control strategy to match a given situation. As shown in Figure 1I.B.-1, the 

human perceives a delayed noisy replica of the system output, yp(t), where: 

A 

Estimation of the delayed state vector, %(t-T,), is accomplished via a Kalman filter. The 

Kalman filter models the human's deduction of the system states from the displayed 

information. A least mean-squared predictor generates a present time state estimate, X(t), 
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from the delayed estimate, %(t-TD). The predictor models the human's compensation for 

his inherent time delay. The optimal gain matrix, K*, is generated by the solution, in steady 

state, of the optimal regulator problem [13] for the cost function of the form: 

(1I.B.-9) 

where 

a_< t 

Q and R are positive semi-definite 

S is positive definite 

The application of the optimal control, Kalman filter, and predictor require the use of an 

internal reference model (Le. the model of the vehicle as perceived by the operator) to 

generate their appropriate gains and parameters. Thus the model of the system under 

control plays an important role in the response actions of the OCM. Appendix A. 1 presents 

a mathematical overview of the OCM in a continuous time representation. For use in the 

simulation model program, the continuous time model is converted to a discrete time 

representation. The concepts involved and the resulting discrete time OCM are presented in 

Appendix A.2. 
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111. STRATEGIES OF PILOT MODEL APPLICATION 

The inherently different structures of the McRuer-Krendel model (MKM) and the 

Optimal Control Model (OCM) require different approaches in parameter selection and 

control loop insertion. The MKMs are specifically designed for each control objective and 

region of the flight envelope. The equalization parameters are selected off-line, by Root- 

Locus techniques and arranged in a gain table format. The multi-variable aspects of the 

OCM are directly incorporated in high order control configurations. Cost function 

weightings are selected according to parameters extracted from actual piloted flight data and 

arranged for the specific control situation. This section will discuss the techniques utilized 

to select the pilot's control parameters and the configurations used to insert the pilots within 

the simulated control environment. 

1II.A. Aircraft Simulation Environments 

Before introducing the techniques utilized to select and insert the pilot models, it is 

important to discuss the computer-based aircraft simulation environments that were used in 

this research. The principle tools utilized to examine the V/STOL vehicles and evaluate the 

performance of the pilot models were two computer simulation programs [ 14,15,16,17] 

provided by NASA Lewis. These programs implement nonlinear, total force, large angle 

representations, in six degrees of freedom. These programs provide full flight envelope 

operation and incorporate all  on-board stability augmentations systems. 
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II1.B. McRuer-Krendel Pilot Models with Static Parameters 

The static MKM pilots are based on the selection of the equalization parameters, for 

specific regions of the flight envelope, through the use of off-line application of Root- 

Locus techniques. In this approach, low order transfer function models of the aircraft 

dynamics are developed for regions of the flight envelope that are of interest. The regions 

of the flight envelope are designated by the vehicle's forward velocity. Pilot equalization 

parameters are selected from the use of a delayed Root-Locus and the direct incorporation 

of the pilot's physically limiting factors. Pilot parameters are then arranged in gain tables 

according to the flight envelope region. This design process is carried out for all cockpit 

control mechanisms (e.g. Lateral and Longitudinal Stick, Rudder Pedals, etc.) and for the 

vehicle attitudes and orientations that are relevant to the flight control objectives. This 

creates a set of Single Variable Pilot Mechanisms (SVPM). The insertion of a static MKM 

pilot is achieved by selecting an appropriate group of SVPMs for the objectives associated 

with the flight scenario. The insertion group has a SVPM defined for each cockpit control 

mechanism and thus has a unique feedback structure. The insertion group is therefore valid 

for only a limited number of flight control objectives. 

III.B.l. - Structure of Aircraft Dynamics Models 

The models of aircraft dynamics for use in the design of the MKM pilots, are based on 

single variable low order, linear transfer functions. The transfer function models are 

derived from the dominant response characteristics of the vehicle dynamics due to the 

injection of test inputs (e.g. impulses, steps, etc.) to the cockpit controls. The dominant 

responses refer to the most pronounced (primary) vehicle attitude reaction due to the 

deflection of a single cockpit control mechanism. The remaining vehicle reactions 6.e. the 
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coupled responses occurring in the other attitudes due to the operation of the cockpit control 

mechanism), are considered secondary. This definition of primary and secondary vehicle 

responses is illustrated in Figure 1II.B. 1.- 1. During SVPM development, the secondary 

reactions are ignored and considered as disturbances. The secondary reactions are, 

however, considered in the selection of an insertion group. 

The dominant aircraft dynamics responses were identified by the direct evaluation of the 

time and frequency domain responses of the simulation model programs due to the test 

input deflections of the cockpit control mechanisms. Time based responses were utilized to 

match simplified low order responses. The frequency responses were obtained by Fast 

Fourier Transforms of the time responses. Attempts at the determination of ultra-low 

frequency response characteristics were hampered by the presence of parasitic low 

frequency response modes (Phugoid Modes) and distortions associated with the cross- 

couplings of the secondary variables. Solutions to these problems are considered in 

[ 19,201. 

Along with the initial decoupling of the primary and secondary responses, the control 

and response characteristics of each vehicle were separated into two groups: 1) 

Longitudinal Control Set, and 2) Lateral-Directional Control Set. These sets consider the 

effects of the control mechanisms on the overall orientations of the vehicle to the primary 

orthogonal planes [18,19,20]. These sets simplify the selection of the SVPM when 

constructing an insertion group. 



1 

III.B.2. - Development of SVPM Equalization Parameters 

The development of the Single Variable Pilot Mechanisms are based on the single loop 

control structure shown in Figure III.B.2.-1. This single variable control configuration is 

organized in such a way that the manipulation of a specific cockpit control mechanism is 

based on the assessment of visual feedback obtained from the observation.of a single 

cockpit instrument or external visual cue. The relationship of aircraft dynamics to the 

specific cockpit control is obtained from the analysis of the aircraft dynamics discussed 

previously, and the desired control variable. 

The MKM equalization parameters are selected via Root-Locus techniques. A problem 

that complicates this approach is the pure time delay associated with the human's visual, 

computational, and signal conduction delay model. In the continuous time domain, a pure 

time delay corresponds to an infinite number of poles positioned at S = -00 on the real axis. 

These poles introduce an infinite number of asymptotes that are parallel to the real axis. The 

presence of these asymptotes (specifically the primary asymptote) create significantly 

destabilizing distortions of the asymptotic behavior of the Root-Locus, as shown in Figure 

III.B.2.-2. An additional problem that is presented by the delayed Root-Locus is that many 

of the non-dtlayed assumptions are no longer valid. 

To overcome the complications associated with the delayed Root-Locus, an 

approximation to the infinite pole set was applied in a non-delayed format. The pure delay 

approximation is given by: 

18 



(III.B.2.- 1) 

where TD = 0.2 seconds for this application. 

This approximation not only simulates asymptotic behavior, but also permits all non 

delayed assumptions. To remain within computational limits (Quad Recision), 20 poles 

were placed at S = -100 on the real axis, as shown in Figure III.B.2.-3. The primary 

asymptote of this pole set has a 9' angle of incidence and has an imaginary axis intercept at 

15.84 rads/sec (15.71 rads/sec for the ideal pure delay). This pole set serves as a 

reasonable approximation to the pure delay when considering the closed loop natural 

frequency of the piloted control (WN - 3.5 rads/sec). 

Incorporating the delay approximation and the muscular system limitation pole, a 

modified transfer function for design purposes only) can be given by: 

where a 2 0.8 

(111. B .2.-2) 

b 2 0.0 

III.B.3. Multi-variable McRuer-Krendel Pilot Insertion Techniques 

When a participating human pilot is introduced into the cmtrol loops, he uses all 

cockpit control mechanisms to provide an operational control by employing visual, audio, 

and other forms of feedback cues. For the purpose of simulation, a comprehensive human 
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response pilot model is constructed by integrating various single variable pilot mechanisms 

(SVPM) into a multi-variable structure (an insertion group), as shown in Figure III.B.3.-1. 

The multi-variable pilot structural configuration is defined by the manner in which 

visual feedback is interpreted and applied to the cockpit control mechanisms via a specific 

set of Single Variable Pilot Mechanisms (SVPM). The intrinsic limitations of each 

configuration (insertion set) make it applicable to only a specific set of flight control 

maneuvers. This is primarily due to the limited number of feedback paths that are available 

(Le. the number of feedback paths equals the number of cockpit control mechanisms). Each 

type of flight maneuver or command sequence is therefore associated with a specific multi- 

variable pilot configuration. In general, a command maneuver will be described by a set of 

vehicle attitudes and/or rates that define the new orientation that the vehicle is required to 

attain. The intricacy of the maneuver defines the number of attitudes and/or rates that are 

simultaneously involved in the operation. 

The flight control objectives associated with simple maneuvers require the control of 

only one primary vehicle attitude or rate. The remaining secondary variables are monitored 

and regulated (regulation set) to preserve the stabilized aspects of the vehicle orientation 

(e.g. level flight). This type of operation can be performed by the configuration shown in 

Figure III.B.3.-2. A regulation set is defined by the single variable pilot mechanisms that 

are associated with the flight control variables needed to maintain a stabilized operation in a 

specific maneuver. The selection of the regulation set is based on the primary command 

attitude and the general operations involved in the execution of the maneuver. Large scale 

secondary responses must be compensated, proper feedback paths must be allocated, and 

the appropriate SVPMs must be utilized. This is similar to the manner in which a well 

20 



trained pilot reconfigures his feedback for a given situation. An additional concern in the 

selection of an insertion set is the use of multi-function cockpit control mechanisms. These 

controls are utilized differently depending on the control objectives. A good example of a 

multi-function control mechanism is the rudder pedals. During level forward flight, the 

pedals are used to make minor heading corrections, while during coordinated turns, they 

are used to minimize sideslip. This type of control mechanism is handled through the 

assignment of the feedback path and equalization network. 

1II.C. - Optimal Control Model 

The multi-variable structure of the OCM makes it's insertion to the control loop 

relatively simple. The application of the OCM is based on parameter selection in two basic 

categories: 1) Control task related, 2) Pilot model related. This section will provide an 

overview of the general construction of the OCM. 

III.C.l. - Control Task Description 

The first concern is the description of the control task. The control task must be 

described analytically, this includes the specifications of the system under control (vehicle) 

and the objective of the control activity (trajectory). As indicated previously, the vehicle is 

represented by a state space model. Care must be taken in selecting the vehicle model due to 

its implicit use in the formulation of the optimal connol gains, Kalman filter and predictor. 

The state and output vectors must be chosen in such a way as to not limit the manner in 

which the OCM will extract estimates of vehicle orientation from the visually displayed 
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information. Control objectives are reflected in the cost function parameters. The 

controller's specific task is to choose a control input, on the basis of observing the 

displays, so as to minimize a weighted sum of the averaged state and control variables. 

Once the vehicle and the control task have been specified, determination of the 

displayed variables is relatively straight forward. The control task, can at times, indicate the 

variables that are considered, or the displayed variables can be concluded from the available 

cockpit instrumentation. In certain control tasks a marked target, in the form of an external 

visual cue, is used. The variables available from the target are therefore related to it's 

markings and are thus described by the display vector associated with the target. As 

mentioned previously, the displayed variables include the quantities explicitly displayed 

plus their first derivatives. 

III.C.2. - Pilot Description 

The OCM pilot is described by four parameters: 1) Time delay, 2) Observation noise, 

3) Motor noise, 4) Neuromuscular lag. The overall structure of the OCM is based on 

optimal control theory, but the theory does not provide the parameter selection. This 

information is typically obtained from human performance data. 

The time delay in simple compensatory tracking and state regulation tasks is generally 

on the order of 0.1 to 0.3 seconds [4,5,6,7,10,11,12]. In complex tasks, the time delay is 

difficult to determine. Values near 0.2 seconds have shown to be reasonable choices from 

human performance data [7,10,12]. 

2 2  



8 
I 
I 
I 
I 
I 
1 
9 

I 
I 
I 
I 
I 
8 
I 
1 
8 
I 

i 

Observation noise plays an important role in the estimation problem, because it tends to 

be the dominant source of controller remnant. Various experiments have been performed 

[8] to obtain reasonable estimates of the observation noise spectral density. Typical values, 

for simple tracking tasks axe on the order of -20dB while for complex operations -10dB has 

shown good results [lo]. 

Motor noise is a difficult quantity to extract from human performance information. 

Typically, model matching techniques are incorporated to determine reasonable values. 

Spectral density signal-to-noise ratios on the order of -25dB have been indicated for 

relatively simple tasks [5,6,7] and near -10dB for complex tasks [lo]. The effects of motor 

noise, however, do not appear to be great and have even been neglected in some cases [5]. 

The muscular system model of the OCM is based on the subjective weighting of the 

control rate terms of the cost function. The values of the lag matrix, TN, must be chosen for 

the specific muscular activity and cockpit control dynamics. Classical values of TN=O. 1 do 

not appear to be valid when considering complex control tasks or stiff control mechanisms. 

Time constants on the order of TN=1.4 - 0.2 have been shown to more closely agree with 

pilot data [6,7,10,11,12]. In addition, the muscular system involved with the use of the 

legs (for executing control manipulation of the rudder pedals) must take into consideration 

the inherent reduction in bandwidth. 

III.C.3. - Difficulties in applying the OCM 

The OCM provides a great many algorithmic and computational advantages in  the 

quantitative estimation of a human operator's dynamics. There are, however, some 

difficulties that arise during the application of the OCM. The first relates to the explicit 
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requirement that the human pilot description be based on an internal model of the human's 

inherent characteristics, the dynamics of the system under control, and external 

disturbances. To provide a present time state estimate, %(t), the system mamces (A,B,C) 

,system disturbances, the human time delay, observation and motor noises must all be 

known. To generate the controller's optimal state variable feedback gains the A and B 

mamces along with the control objective weights of the cost function are required. 

Essentially, this amounts to a complete knowledge of the pilot from man-machine system 

concepts. The OCM requires a very accurate internal model if it is to adequately function in 

a manner consistent with human behavior within the control environment. 

A 

The second difficulty stems from the fundamentally difficult problems associated with 

identifying the pilot's internal model parameters from experimental data. In addition, the 

optimal control strategy suffers from a degree of over parameterization. From an 

identification viewpoint, observation and motor noises are unresolvable and optimal control 

and state estimation gains can only be determined from the matching of experimental data or 

through the similarity transformation of the model [6]. 

The final problem is associated with the specification of the control objective cost 

function. The cost function parameters must be selected in accordance with the control task 

and thus the OCM designer must speculate on the parameters that will be of importance to 

the actual human pilot. 
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IV. MODELS OF V/STOL RESEARCH AIRCRAFT 

Two types of V/STOL research aircraft have been used in this study: 1) Sikorski Black 

Hawk UH-60A - a modem high performance helicopter and 2) McDonnell Douglas Harrier 

I1 AV-8B - a thrust vectored jet fighter. Aircraft dynamics where simulated by nonlinear 

computer program models [ 14,15,16,17], provided by NASA-Lewis. Both programs 

implement total force, large angle, nonlinear representations of the individual aircraft 

dynamics in time based computer simulation environments. These vehicle definitions 

provide full flight envelope operation and support the onboard flight stabilization and 

control systems. 

The vehicle models that have been developed in this study are designed to complement 

the structures of the individual pilot models. The McRuerMendel pilots require the use of 

low order/decoupled transfer function vehicle models , while the OCM model relies on high 

order/coupled state space representations. Linearized models of the aircraft dynamics (for 

use in the design of the pilot models) where developed by a mix of analytic models of 

vehicle motion and direct analysis of the time and frequency responses of the simulation 

program to test deflections of the cockpit control mechanisms. The following sections 

provides an overview of the vehicle, the model structures, parameter identification 

techniques, and the resulting vehicle models. 

1V.A. Harrier I1 AV-8B : A Thrust Vectored Jet Fighter 

The Harrier AV-8B's thrust vectoring capabilities make it a truly unique aircraft. The 

regions of the Harrier's flight envelope can be defined by the direction of the thrust vector, 

and consists of the three basic flight configurations shown in Figure 1V.A.-1. The high 
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speed configuration, shown in Figure IV.A.-l.a, is characterized by the thrust vector being 

directed forward (i.e. nozzle jet vectors aft). In this mode, the propulsion system supplies 

the forward thrust component in a manner that is common to conventional aircraft. The lift 

and control components are supplied by the aerodynamic surfaces as they are forced 

through the atmosphere. The magnitude of the thrust vector supplied by the propulsion 

system is used to control vehicle speed. The stabilator is used to control the angle of attack 

and altitude. 

The transition mode, shown in Figure 1V.A.-1.b. is described by a general loss of 

aerodynamic responsiveness. As forward speed decreases, aerodynamic surfaces loose 

their ability to provide necessary lift and control functions. As the name implies, the vehicle 

control actions are in a transition between atmospheric flight and powered-lift activities. In 

general, sustained flight in this region is avoided by the typical maneuvers associated with 

acceleration to and deceleration from the high speed envelope. 

The low speed configuration, shown in Figure IV.A.- 1 .c, is characterized by the thrust 

vector being directed upward (i.e. nozzle jet vectors downward). The lack of sufficient 

forward velocity requires that the propulsion system provide the lift components (powered- 

lift). A closer examination reveals that the propulsion system supplies the forward thrust 

and the primary lift component in a manner similar to a helicopter's main rotor. The 

magnitude of the thrust vector is primarily utilized to control the altitude and it's direction is 

used to adjust forward speed. 

The interesting region of the Harrier's flight envelope occurs during low speed 

powered-lift activities. In this region, the aerodynamic properties of the aircraft 
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significantly differ from those of high speed conventional flight. During low speed flight 

the components of lift produced by aerodynamic means are small. The vehicle relies 

primarily on lift components supplied by the propulsion system. In addition, the aircraft's 

aerodynamic control surfaces (e.g. rudder, ailerons, etc.) no longer function as the primary 

control mechanisms. The Hamer relies on the Reaction Control System (RCS) to provide 

the additional control components that are needed to maneuver the aircraft. 

The primary focus of the research on pilot models for the Harrier I1 AV-8B has been 

directed toward the low speed - powered-lift region of the flight envelope. Dynamic 

response tests and general use of the simulation model programs were conducted while in 

trimmed forward flight at speeds ranging from hover to 35 knots. The vehicle was 

configured with the landing gear down, flaps extended to 60 degrees, and the lift 

enhancement devices fully extended. The SAS was enabled to provide damping of angular 

rates. 

IV.A.l. - Harrier Control Structure 

When operating in the low speed region of the flight envelope, the Harrier's control 

structure shows signs of a modest decoupling of the longitudinal and lateral dynamics. 

Longitudinal and lateral control sets are defined by the control strategies that are associated 

with the cockpit control mechanisms. The longitudinal control set specifies the control 

mechanisms and their associated reactions that primarily influence vehicle responses in the 

longitudinal plane (X-2 body plane). The three cockpit control mechanisms that operate 

within this region are: 1) nozzle angle control, 2) throttle, 3) longitudinal stick. 
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Nozzle Angle Control 

The nozzle angle controls the direction of the propulsion system thrust vector. A typical 

low speed - powered-lift thrust diagram of a decrease in nozzle angle is shown in Figure 

IV.A.l.-1. The nozzle angle for this region of the flight envelope is large. The control 

structure is very similar to that of the longitudinal cyclic of a helicopter. Minor changes in 

the direction of the thrust vector will tend to dominate the forward thrust component. This 

indicates that the nozzle angle will dominate the control of the vehicle's forward speed. 

Small variations of the nozzle angle in low speed flight will have only a small effect on the 

primary lift components. The moment arm associated with the thrust vector displacement 

from the vehicle's center of gravity will induce a relatively small pitching torque in the 

longitudinal plane. 

Throttle 

The throttle controls the magnitude of the propulsion system's thrust vector. A thrust 

diagram of an increase in engine speed is shown in Figure IV.A.l.-2. This control 

behavior is similar to the main rotor collective of a helicopter. Changes in the magnitude of 

the thrust vector will tend to dominate the lift component and thus the vehicle altitude. 

Minor changes in the thrust vector magnitude will have only a small impact on the velocity 

components and the thrust vector displacement from the vehicle center of gravity will 

induce a relatively small pitching torque in the longitudinal plane. 
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Longitudinal Stick 

The longitudinal stick controls the stabilator angle of attack and the vents of the RCS's 

forward and aft jets. During powered-lift activities the auxiliary thrust components and the 

associated moment arms (due to their physical configurations) of the forward and aft RCS 

jets to induce pitching torque responses about the Y body axis in the longitudinal plane. 

Figure 1V.A. 1 .-3 illustrates the auxiliary thrust components produced by deflecting the 

longitudinal stick. Engine air bleed of the RCS will tend to effect the propulsion system 

performance. The aircraft longitudinal inertial components tend to induce sluggish 

responses. During low speed flight, the longitudinal stick is primarily used to control 

longitudinal orientations (e.g. angle of attack, pitch angle). It is important to note that the 

primary thrust vector of the propulsion system will be redirected during pitching maneuvers 

if the nozzle angle is fixed. This can result in changes in forward speed and altitude. 

The lateral - directional control set specifies the control mechanisms and their associated 

reactions that influence vehicle responses in the lateral plane (Y-Z body plane) and in the 

directional plane (X-Y body plane). The two cockpit control mechanisms that operate in 

this set are: 1) lateral stick, 2) rudder pedals. 

Lateral Stick 

The lateral stick controls the ailerons and the vents of the wing-tip RCS jets. When 

operating in the low speed region of the flight envelope the auxiliary thrust components and 

the moment arms of the wing tip RCS jets are used to induce rolling torques about the X 

body axis. Figure 1V.A. 1 .-4 illustrates the auxiliary thrust components produced by 

deflection of the lateral stick. Again, the air bleed of the RCS jets will effect engine 
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performance. The lateral inertial components and the RCS wing tip geometry create a 

highly responsive rotational moment about the X body axis. The rolling motion redirects 

the lateral components of the thrust vector and will therefore tend to dominate the lateral 

velocity components. The lateral plane components tend to be coupled to reactions in the 

directional plane. 

Rudder Pedals 

The rudder pedals control the rudder angle and the vents of the tail-end RCS jets. 

During powered-lift operations, the thrust components and moment arm of the tail-end 

RCS jets are used to execute yawing and lateral control maneuvers. Figure IV.A.l.-5 

illustrates the auxiliary thrust components produced by deflection of the rudder pedals. 

Again, RCS air bleed will effect engine performance. The RCS thrust vectors induce 

rotations about the 2 body axis. This allows rudder pedal control of the lateral velocity 

during turn coordination tasks (sideslip reduction) and heading regulation. 

IV.A.2. - Low Order Transfer Function Models of Harrier Dynamics 

This section presents the development of a set of low order linear transfer function 

models (for use in the design of the McRuerKrendel pilot models) that are based on an 

investigation of the fundamental behavior of the nonlinear aircraft simulation model. The 

low order models describe dominant, decoupled, short period vehicle dynamics that are 

induced by deflections of specific cockpit control mechanisms [20]. These models do not 

attempt to account for the inherent couplings of the vehicle dynamics or any long term 

response characteristics (e.g. longitudinal phugoid modes, lateral spiral or dutch roll 



modes). Long term dynamic modes and cross couplings are neglected and considered 

secondary to the dominant responses. 

The low order linear transfer function models of the aircraft dynamics where obtained 

by an analysis of the time and frequency responses of the simulation program to test 

deflections of the cockpit control mechanisms. To simplify and limit this discussion, 

several examples of low order model identification will be presented. A comprehensive 

analysis and evaluation of the transfer function models can be seen in [20]. 

Pitch Angle/Longitudinal Stick Model 

As shown in Figure 1V.A. 1.-3, the longitudinal stick dominates the pitching motions. 

T h e  time based, short period pitch rate response while in a near hover, due a 1 inch impulse 

deflection of the longitudinal stick can be seen in Plot IV.A.2.-1. This type of time 

response can be modeled by a simple pole residing on the negative real axis of the 

Laplacian complex plane. A low order transfer function model that describes this type of 

time response is given by: 

where 

0.71 * 
inch-sec2 KTHETDT = 

= 1.56 sec-' 

(IV.A.2.- 1) 

(IV . A. 2. - 2 b) 

Thr: pitch angle model is the direct integral of the pitch rate model and is given by: 



(IV. A .2. - 3) 

The parameters of these equations vary only slightly, due to the relatively small changes in 

aerodynamic effects within the low speed region of the flight envelope. 

Roll Angle/Lateral Stick Model 

The lateral stick's dominant effect on rolling motions can be seen in Figure IV.A. 1 .-4 

tends to dominate the rolling motions. The time based response of the roll rate due to a 1 

inch impulse on the lateral stick is shown in Plot IV.A.2.-2. The roll rate response is 

similar to the pitch rate response, but has a much shorter time constant. The transfer 

function model is given by: 

p ( s KPHIDT 
6 , (~> S +  PHI 

where 

(IV . A. 2 .  - 4) 

(IV . A. 2 .  - 5 a) 

aPHI = 3.45 sec-l (IV.A.2.4 b) 

The roll angle model is the direct integration of the roll rate model and is given by: 

(IV. A. 2.  - 6) 

Parameter variations are insignificant within the low speed environment. 
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Forward Velocity/Nozzle Angle Model 

As a final example of the low order transfer function models, consider the response 

characteristics of the nozzle angles effect on forward velocity. The time based response of 

the forward velocity due to a 5 degree impulse of the nozzle angle is shown in Plot 

IV.A.2.-3. The short period response can be modeled as a step function (i.e. integral of the 

impulse input). The ramping response appearing in the later phases of Plot IV.A.2.-3 is 

due to the long term phugoid effects. The transfer function model of an integrator is a 

simple pole residing at the origin of the complex Laplace plane, and is represented by: 

where 

(IV.A.2.-7) I 
~ 

(IV.A.2.-8) I 

IV.A.3. - High Order State Space Models of Harrier Dynamics 

The high order, coupled state space vehicle models that have been developed for use in 

the design of the OCM pilot’s internal reference model, are based on a set of generalized 

linear, first-order differential equations [2 1,221, that describe the vehicle motion. The 

equations of motion are of the form: 

~ 

- 
x(t) = A x(t) + B u(t) (IV.A.3.-1) 
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8 
8 The state vector, x(t), represents the perturbations from trim of the vehicle's pseudo-body 

axis variables. To maximize the overall usefulness of the internal reference model and to 

apply the control tasks (described in later sections), the state vector of Table IV.A.3.-1 was 

used. Utilizing this large order state vector provides for a flexible internal reference model. 

The use of pseudo-body axis variables results from the manner in which the human pilot 

model will interpret the flight control environment via a mix of external visual cues and 

instrumental feedback. A close examination of the state vector variable selection and 

organization shows that the state vector is made up of a set of vehicle body angles and 

positions, along with their first derivatives (Le. angular rates and body velocities). 

The control vector, $t), represents the deviations from the m m  positions of the cockpit 

control mechanisms and is defined in Table IV.A.3.-2. The use of the cockpit control 

mechanisms is due to the manner in which the human will institute his control actions upon 

the vehicle. 

The output or measurement equation is of the form: 

(1V.A. 3 .-2) 

This equation provides the relationship of the variables that are displayed to the pilot from a 

linear combination of states. The structure and organization of the state vector permits the 

displays to primarily include vehicle positions and body angles. This is indeed a good 

structure because many of the cockpit displays and information available from external 

visual cues are in the form of a position indication. It is assumed that the pilot will therefore 

derive the first derivative information from the displays, and thus the entire state vector can 

be estimated given the proper display organization. 



In the most general aircraft model, the elements of the system matrix A, and the control 

distribution matrix B, consist of two basic types. The first consists of inertial and 

gravitational components that are obtained analytically from the equations of motion. The 

second consists of partial derivatives associated with aerodynamic forces and moments. 

Due to the use of the low speed region of the flight envelope, many of the aerodynamic 

terms can be neglected. In addition, no attempt will be made to incorporate the SAS, 

instrumental, actuation, or cockpit control mechanism dynamics as components external to 

the state model. Instead, these dynamics will be incorporated directly within the state 

model. 

The total linearized vehicle dynamics can be described by a completely coupled state 

model given by: 

In general, the cross coupling terms, Along-lat, Alat-long, Blong-lat, and Blat-longl can be 

ignored because of their limited secondary response characteristics and the low speed 

assumption [21,22,23]. Extensive testing of the simulation model program showed this to 

be true (see Appendix B). It is interesting to note that the lateral system did not show any 

signs of response excitation due to longitudinal activities, which results in: 

(1V.A. 3 .-4) 
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It is believed that this response characteristic is due to the absolute symmetry of the 

computer simulation model. The lateral system components did, however, induce relatively 

small reactions within the longitudinal system, thus: 

%at-long - Blat-long -0  (IV.A.3.-5) 

The effects of the lateral components will be discussed in the development of the 

longitudinal model in Appendix B. 

Longitudinal Dynamics Model 

A generalized linear representation of the core longitudinal dynamics is given by: 

(IV.A.3.- 

The core dynamics are those variables which are the principle components involved in the 

description of the motions and responses. The remaining variables are the direct integration 

of the core dynamics. Using various low speed assumptions (see Appendix B), a variety of 

simplifications were made and verified by an analysis of the responses of the simulation 

model program. The longitudinal system of EQ(IV.A.3.-6) was simplified to: 
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(IV.A.3 . -7)  

This model describes the generalized low speed dynamics of a thrust vectored aircraft. The 

response characteristics of this state model were examined and compared against the 

classical V/STOL responses [21,22] and those of the Harrier simulation program 

[ 1516,171 (see Appendix B). The comparisons showed and explained many interesting 

response modes associated with the Hamer simulation programs operations. An example 

of this, can be seen in the long term pitch rate response due to an impulse on the 

longitudinal stick while operating outside the ground effects region, as shown i n  Plot 

IV.A.3.- 1. The low frequency oscillatory response characteristics (noticeable in the latter 

phases of the response) can be attributed to the Phugoid mode [21,22] (see appendix B). 

The Phugoid response characteristic rarely troubles pilot activities because of it's ultra-low 

frequency content. This is similar to driving a car that is "out-of-alignment". The car driver 

simply compensates by providing an offset at the steering wheel that is necessary to 

overcome the misalignment. A closer examination of the system parameters that introduce 

the Phugoid response characteristics revealed that certain parameters could be neglected 

when operations are primarily directed at the pilot frequencies (i.e. pilot operations are 

directed at the short period dynamics). Applying these additional simplifications to the 

model of EQ(IV.A.3.-7) resulted in the low speedpowered-lift longitudinal model for pilot 

frequencies as given by: 
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This model represents the core longitudinal dynamics that were incorporated in the OCM's 

internal reference model. 

~ 

Lateral-Directional Dynamics Model 

A generalized linear representation of the core lateral-directional dynamics is given by: 

Applying the low speed assumptions of Appendix B, a variety of simplifications were 

obtained, which resulted in the following low speedpowered-lift lateral-directional model. 

(IV.A.3.- 
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The response characteristics of this model were examined and compared against the non- 

linear simulation program and the classical V/STOL responses (see Appendix B). As in the 

longitudinal case, many of the low frequency lateral modes could be neglected (e.g. spiral 

and dutch role modes). Applying these further simplifications to the model of EQ(IV.A.3.- 

lo), a low speed/powered-lift lateral-directional model for pilot frequencies is given by: 

This model represents the core longitudinal dynamics that were incorporated in the OCM's 

internal reference model. 

1V.B. Black Hawk UH-60A: A High Performance Helicopter 

The primary focus of the research on pilot models for the Black Hawk helicopter was 

directed at developing a group of McRuer-Krendel pilots that spanned the flight envelope. 

This section discusses the development of a set of low order linear transfer function models 

that where obtained by an analysis of the nonlinear simulation model responses due to 

cockpit control mechanism operations. To simplify and limit this discussion, only a few 

transfer function models will be examined. The full set of vehicle models obtained are 

presented in [19]. 
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During the initial stages of the pilot model development a linear point mass, small 

perturbation, state space model [24] of Black Hawk dynamics was utilized. This model 

was linearized about trimmed flight conditions and considered only the pure body 

dynamics. Augmenting this model with actuation and automated systems created a model 

whose complexity approached that of the nonlinear simulation model. The high order of 

this model created significant difficulties in the design and evaluation of the low order pilot 

models. For this reason, low order transfer functions where utilized to create more 

understandable vehicle models. As suggested above, these transfer function models where 

developed and used in a manner similar to the low order Harrier models. 

I 

, 

Simulation model response tests where conducted while in trimmed flight at forward 

velocities of 20,40, 60, 80, and 100 knots. The initial test scenarios where carried out with 

all onboard automatic control systems disabled and showed low frequency divergence. To 

improve the overall response characteristics, the pitch bias actuator, automatic tail stabilator 

control, and stability augmentation systems (both digital and analog) where enabled. The 

results showed substantial improvement. 

I 

IV.B.l. - Control Structure and Low Order Transfer Function Models I 

The cockpit control mechanisms and their associated vehicle responses where 

decoupled into the longitudinal control set (Longitudinal cyclic stick - ,), Main rotor 

collective stick (5m-c) and the lateral control set (Lateral cyclic stick (Sla ,>, Tail rotor 

collective pedals (6@-,)). A more detailed analysis of the control sets and their associated 

response characteristics is presented in [ 191. The following model identification examples 

illustrate the fundamental approach utilized. 

- 
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Pitch Angle/Longitudinal Cyclic Stick 

Consider the pitch angle dynamics associated with the manipulation of the longitudinal 

cyclic stick. Plot IV.B.l-1 and Plot IV.B.l-2 show the pitch rate responses due to an 

impulse on the longitudinal cyclic stick while flying at 60 and 100 knots, respectively. Both 

plots show a damped sinusoidal response characteristic whose damping ratio decreases 

with increasing forward velocity. This type of response can be approximated by the 

transfer function shown below. 

The pitch angle response is given by: 

4 0 - C  S(S2+26,W0S+W,2) 

(1V.B. 1 .- 1) 

(1V.B. 1 .-2) 

Where the pitch rate is measured in radianslsecond and the pitch angle is measured in 

degrees. Evaluating the pitch rate response throughout the flight envelope resulted in the 

parameter values listed in Table W.B. 1 .-1. 

Roll Angle/Lateral Cyclic Stick 

Helicopter roll dynamics are dominated by the operation of the lateral cyclic stick. An 

analysis of the response characteristics of the simulation model program indicated slightly 

different roll reactions, one for low speeds (20 to 40 kn) and one for high speeds (60 to 
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100 kn). This type of behavior has been attributed to the lowhigh speed mode switching of 

the on-board yaw SAS near 60 kn. The low speed model is given by the transfer function: 

@ 820 - 
4a-c (*OV4O) - s (S *+2tjpwps + wp*y 

where 6, - 0.15 and wp - 9.0 radslsec. 

The high speed model is given by: 

(IV.B.l.-3) 

(IV. B. 1. -4) 

These models do not indicate the resonant behavior that can be seen in the time and 

frequency responses. Figure IV.B.l.-3 shows the frequency response of the roll rate at 80 

kn. A relatively large peak-notch type characteristic can be seen near 2 and 22 rads/sec. The 

high frequency resonance is attributed to the main rotor. The low frequency resonance is 

associated with aerodynamic phenomena. The low frequency peak is, however, 

troublesome because the pilot will attempt to close the control loop near this frequency. 

Altitude/Main Rotor Collective 

The altitude components of the helicopter's flight dynamics are dominated by the main 

rotor collective. Figure IV.B.l.-4 shows the altitude rate response due to the injection of a 

1 inch step on the main rotor collective stick while at a traveling at 60 kn. This type of first 

order response suggests the transfer function model given by: 
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The altitude response is therefore given by: 

ALT KALT 

(IV.B.1.-5) 

(IV.B.1.-6) 

Evaluating the altitude rate response throughout the flight envelope resulted in the parameter 

values listed in Table 1V.B. 1.-2. 

, -  

I 
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V. PILOT DEVELOPMENT AND INSERTION 

This chapter will illustrate the development and insertion of a variety of pilot models 

within the control loop of the non-linear simulation programs. First, a set of McRuer- 

Krendel pilot mechanisms will be developed for the Harrier and the Black Hawk. A group 

of flight control maneuvers is defined and insertion set configurations are organized. 

Results of multi-variable pilot insertions are illustrated by examining several examples of 

Hanier and Black Hawk flight control maneuvers. Finally, the OCM is developed for use 

in the Hamer. Control tasks and display configurations are discussed. Task and pilot 

parameters are chosen. Results of OCM insertion are examined and compared to actual 

human pilot flight data. 

V.A. - Static McRuer-Krendel Pilots 

The concepts involved in the selection and insertion of the McRuer-Krendel model are 

based on the selection of a set of single variable pilot mechanisms (SVPM), to provide a 

variety of control functions associated with each of the cockpit control mechanisms. From 

this set/pool of SVPMs, a group (insertion set) is chosen, one SVPM for each cockpit 

control mechanism. The insertion set is chosen from an analysis of the control functions 

associated with the expected flight maneuvers. This section will illustrate the design of 

some example single variable pilot mechanisms and the selection of various insertion sets 

based on the flight control objectives. Examples of insertion set operation within the 

simulation environment of the non-linear program are presented and discussed. 
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V.A.l. - Design of the Single Variable Pilot Mechanisms 

This section presents some examples of the design of the single variable pilot 

mechanisms (SVPM). The objective is to develop a set of SVPMs, where each pilot 

mechanism is selected to perform a specific control function. The elements of the multi- 

variable configurations will ultimately be chosen from this pool of SVPMs. 

During the design of the individual pilot's, attempts were made to maximize the system 

TYPE. This simulates the pilot's ability to choose the control parameters that will tend to 

improve his error tracking ability. The ability to obtain the desired closed loop response 

characteristics was at times hampered by control mechanism restrictions and difficult 

vehicle response modes (e.g. high frequency complex poles near the right half plane, 

resonant behavior near the closed loop frequencies). Gain limitation and reduced closed 

loop bandwidths were required, in some cases, to keep pilot responses within limits. 

Harrier Pitch Control Pilot 

This pilot provides the position control of the pitch angle by considering visual 

assessment of the pitch angle and manipulating the longitudinal stick. Typically the human 

pilot would derive this feedback from the artificial horizon or from some type of external 

target. This individual SVPM will be used to maintain level flight or to perform specific 

pitch angle positioning. In addition, the pitch angle control can be applied to velocity 

control when performing fixed nozzle angle maneuvers. 

Returning to the pitch angle response model of EQ(IV.A.2.-3), one can see that the 

integrating pole of the pitch angle response provides an intrinsic TYPE I system 
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characteristic. Attempts at introducing the pilot's equalization pole as a second integrating 

pole (to achieve a TYPE I1 system characteristic) did not provide adequate response 

characteristics due to the positioning restrictions of the equalization zero (a 2 0.8). The 

pilot's equalization profile was relaxed and the equalization pole was removed to S = 8. 

The equalization zero was placed at S = 3 to maximize the Root-Locus dominant pole 

placement characteristics and provide the necessary phase considerations. This configured 

the equalization as a lead network which in-turn improved the low frequency response 

characteristics and oriented the pilot to be error rate sensitive. The resulting pilot transfer 

function is given by: 

(V.A. 1 .- 1) 

The Root-Locus for this configuration is shown in Figure V.A.l.-1. The dominant 

poles were placed near the desired locations (w,, = 3.1 radshec, = 0.74). 

Additional Pilot Mechanisms for the Harrier 

Table V.A. 1 .-1 lists the remaining single variable pilot mechanisms for the Harrier, that 

were developed in [20]. The models are based on the form: 

GHARRIER 
PILOTS 

K (s + A) e-0.2S 
= (S + B)(S + 10) (V.A. 1 .-2) 
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Black Hawk Pitch Control Pilot 

As in the Harrier pitch control pilot, this pilot also controls the pitch angle position by 

visually assessing the pitch angle and operating the longitudinal cyclic stick. The different 

response characteristics of the Black Hawk required a significantly different pilot 

configuration. The transfer function model of the Black Hawk's pitch dynamics, 

EQ(IV.B.1.-2). permits the construction of a TYPE I1 system. The problems associated 

with the pitch control pilot development stemmed from the presence of the high frequency 

complex poles (see EQ(1V.B. 1.-2). These poles are quite close to the imaginary axis and 

due to the destabilizing distortions of the delay Root-Locus, can be easily shifted into 

unstable conditions. Closing the loop near w, = 3 rads/sec introduced large resonant 

reactions in the vehicle's lateral-directional body plane (X-Y body plane), due to torque 

reactive disturbances. To reduce this type of behavior, the closed loop dominant poles were 

placed near w, = 1.8 rads/sec and = 0.65. The pitch control pilot transfer function was 

given by: 

(V.A.1.-3) 

The gain profile is listed in Table V.A. 1.-2. 

Additional Pilot Mechanisms for the Black Hawk 

Tables V.A. 1.-3 through V.A. 1.-7 list the remaining single variable pilot mechanisms 

for the Black Hawk, that were developed in [ 18,191. The models are based on the form: 
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(V.A. 1 .-4) 

V.A.2. - Selection of Multi-Variable Configurations 

The maneuvering characteristics associated with flight control objectives will determine 

the configuration of the insertion set. The insertion set configuration is based on the multi- 

variable control structure shown in Figure III.B.3.-1 (for the Harrier, the Black Hawk 

provides only four cockpit control mechanisms [ 181). Some typical flight control 

maneuvers that are considered in [ 18,201 are listed below. 

1. Pitch Reorientation 

2. Velocity Translation 

3. Altitude Translation 

4. Small Scale Heading Modification 

5. Altitude Rate Maneuver 

6. Flat Turn 

7. Coordinated Turn 

These maneuvers can be executed by the control configuration shown in Figure III.B.3.-2. 

The application of this method to this class of control maneuvers is straight forward. The 

insertion sets and their associated configurations for the above maneuvers are discussed in 

[18,20], and are summarized in Tables V.A.2.-1 and V.A.2.-2. 
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V.A.3. - Results of Static Pilot Insertion 

The results of pilot insertion can be best illustrated by considering several examples of 

multi-variable McRuer-Krendel pilot configurations actively participating in the control 

structure of the non-linear simulation program. Further results of static pilot insertion can 

be seen in [18,19,20]. 

Harrier : Pitch Reorientation 

The pitch reorientation maneuver is designed to provide pitch angle translation while 

maintaining level flight characteristics in the lateral, altitude, and velocity components. The 

multi-variable pilot configuration, for this maneuver, is given in Table V.A.2.-1. The pitch 

angle rotation will cause a redirection of the primary thrust vector, which will directly 

influence the altitude and velocity components. The velocity and altitude component pilot 

mechanisms will therefore be called upon to provide the necessary compensation. The 

command sequence issued to the pilot is of the form of a step in pitch angle while the 

remaining variables are held at their mmmed values. A 10 degree step maneuver in pitch 

from a 10 knot mmmed flight at 100 feet is driven by the control sequence shown in Table 

V.A.3.-1. 

The command sequence was injected at 1 second into the simulation run. Plot V.A.3.-1 

shows the execution of the 10 degree set in vehicle pitch angle. This closed loop pitch angle 

response indicates a reasonably close match to the closed loop poles placed in the Root- 

Locus design. Plot V.A.3.-2 shows the pitch control pilots manipulation of the longitudinal 

stick. The change in pitch angle causes the primary thrust vector to be reoriented, creating a 

decelerating disturbance in the forward velocity. Plot V.A.3.-3 shows the forward velocity 
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response due to the pitch maneuver. Plot V.A.3.-4 shows the velocity pilot's compensative 

reactions to the velocity disturbance. Plot V.A.3.-3 shows that the pilot successfully 

reoriented the thrust vector and restored the commanded forward velocity. It is interesting 

to note that the final, steady state nozzle redirection is approximately 10 degrees (the 

commanded pitch angle). Plot V.A.3.-5 shows the altitude reaction due to the pitch 

maneuver. Plot V.A.3.-6 shows the pilot's manipulation of the throttle to handle the 

altitude disturbance. These plots indicate that the velocity pilot's reactions were fast enough 

to maintain proper thrust vector orientation with respect to the inertial frame (Le. the 

velocity pilot was able to keep the thrust vector pointed towards the ground and therefore 

suffered little lift component degradation). The symmetry associated with this maneuver 

created insignificant disturbances in the lateral-direction modes. 

Harrier : Velocity Translation 

The velocity translations maneuver is designed to modify the forward velocity while 

maintaining level flight at a constant altitude. The multi-variable pilot configuration, for this 

maneuver, is given in Table V.A.2.-1. This maneuver uses the redirection of the primary 

thrust vector to modify the forward thrust. Reorienting the primary thrust vector tends to 

disturb the flight characteristics of the pitch and lift components. The command sequence 

issued to the pilot is of the form of a step in forward velocity while the remaining variables 

are held at their trimmed values. A 5 knot step reduction in forward velocity from a 25 knot 

trimmed flight at 100 feet is commanded by the control sequence shown in Table V.A.3.-2. 

This command sequence was injected at 1 second into the simulation run. Plot V.A.3.- 

7 shows the execution of the 5 knot reduction in velocity. Plot V.A.3.4 shows the velocity 

control pilot's reaction to the application of the command. Plot V.A.3.-7 's response 
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characteristic is very sluggish. This is due to the reduction in closed loop bandwidth via 

forward path gain reduction to reduce the pilot's control deflection. The initial pilot 

parameter selection created a response characteristics that tended to overdrive the nozzle 

angle (ej > 98.5') during decelerating maneuvers. The velocity pilot parameters were 

adjusted to prevent the control mechanism overdrive, see Plot V.A.3.4. Plot V.A.3.-9 

shows the pitch angle reaction to the thrust vector redirection during the execution of the 

velocity control maneuver. Plot V.A.3.- 10 shows the pitch control pilot's compensative 

response due to the "nose down" effects of the velocity translation. The steady state error 

of Plot V.A.3.-9 is typical for the TYPE I system characteristic of the piloted pitch control 

loop. Plot V.A.3.-11 shows a very small altitude response due to the velocity change. Plot 

V.A.3.-12 shows the small scale adjustments to the throttle by the pilot mechanism. 

Black Hawk : Coordinated Turn 

The coordinated turn maneuver provides a heading change through the execution of roll 

operations. The coordinated turn is executed be performing a roll maneuver while 

minimizing sideslip and maintaining level flight (pitch angle only) and constant altitude. 

The multi-variable pilot configuration, for this maneuver, is given in Table V.A.2.-2. It is 

interesting to note that the tail rotor collective pedal pilot mechanism has had it's visual 

feedback redirected from the heading to the sideslip indicator (slip ball). Heading control 

must therefore be supplied by the commanding process (Le. the navigation/guidance 

process that is issuing the command). The roll angle modification will tend to cause a loss 

of the lift components due to the redirection of the main rotor thrust vector. The command 

sequence issued to the pilot is of the form of a step in roll angle, while the remaining 

variables are held at their trimmed values. A 20 degree bank turn from an 80 knot trimmed 

flight at 200 feet is driven by the control sequence shown in Table V.A.3.-3. 
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The command sequence was injected at the initiation of the simulation run. Plot V.A.3.- 

13 shows a smooth roll angle response to the command. The heading response, shown in 

Plot V.A.3.-14, indicates the execution of the turn. The transient heading response is due 

to the settling of the roll angle and the turn coordination operations. Plot V.A.3.- 15 shows 

the suppression of the sideslip angle and indicates that turn coordination has been achieved. 

Plot V.A.3.-16 shows the altitude response during the bank turn and shows the 

compensatory effects of the altitude control pilot. Plot V.A.3.- 17 shows the compensatory 

effects of the pilot mechanism on the pitch angle. 

V.A.4. - Conclusions on the McRuer-Krendel Models 

The McRuer-Krendel pilot models have shown their ability to operate the V/STOL 

aircraft over a wide range of flight control maneuvers. Control and regulation activities 

have been shown to adequately achieve the control objectives. The multi-variable 

configurations provide for a wide range of possible flight scenarios. The fixed structure of 

the multi-variable configurations does, however, create certain difficulties when the flight 

control objectives require the use of multiple configurations. The switch between 

configurations has been examined in [ 191. Finally, the sluggish response characteristics 

due to the reduction of closed loop bandwidths to accommodate various vehicle constraints 

tends to limit successful prediction of human behavior. 

5 2  



V.B. - Optimal Control Model Pilots 

The concepts involved in the insertion of the OCM are based on the selection of two 

parameter sets: 1) Control task related, 2) Pilot related. The control task parameters 

describe the vehicle under control and the control objectives associated with the flight 

maneuvers that the pilot is required to perform. The pilot parameters describe the basic 

human response characteristics and inherent limitations. This section will illustrate the 

design and insertion of the OCM within the control loops of the Harrier and will present the 

results of various flight control tasks along with a comparison of the response 

characteristics of the OCM to some actual pilot flight data. 

V.B.l. - Description of the Control Tasks and Display Configurations 

The flight control tasks that have been considered for the testing of the OCM are 

classical precision hovering maneuvers that are performed outside of the ground effects 

region. Two primary maneuvers have been utilized to analyze the OCM: 1) Vertical tracking 

maneuver, 2) Lateral tracking maneuver. Each maneuver is complex in nature and exploits 

various aspects of the pilots control characteristics. The vertical hover maneuver consists of 

traversing between and positioning/aligning the vehicle at two vertically spaced targets,as 

shown in Figure V.B.l.-1. The targets, described in [25], are placed at 40 feet and 80 feet 

above the runway surface, and thus are outside of the vehicles ground effects region. The 

control objective is to hold at one target for a period of time, traverse to the other target at a 

constant rate, hold at that target for a period of time and then return to the initial target. 

Alignment with the targets is considered to be a positioning/disturbance regulation 

opera tion, 

maneuver 

while motion between the target is considered to be a rate control/tracking 

[25]. The Lateral tracking maneuver is similar to the Vertical task with the 
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exception that the targets are separated horizontally, as shown in Figure V.B.l.-2. The 

targets are placed 40 feet apart at an altitude of 50 feet. 

The vehicle that is used in this study is the Harrier I1 AV-8B. The cockpit controls 

available to the pilot, for the maneuvers in question, are: 1) Longitudinal stick (right hand), 

2) Lateral stick (right hand), 3) Throttle (left hand), 4) Rudder pedals (feet). The 

complexity of the maneuvers and their basic control structure, requires that the pilot 

maintain a fixed nozzle angle, thus forward velocity and longitudinal positioning control are 

indirectly handled through pitch angle control. 

The displays that the pilot monitors are assumed to be the targets (external visual cues). 

The targets have been designed [25] to supply the pilot with the following information: 

Pitch, Roll, and Yaw angles, Longitudinal, Lateral, and Vertical positions. The pilot can 

therefore derive the output vector shown in Table IV.A.3.-1. The state space model and the 

above output vector, derived in Appendix B, are based on this display assumption. 

V.B.2. - Overview of the Piloted Flight Data and Analysis 

The precision hover maneuvers, described above, where used in a simulation fidelity 

study by [25]. The time domain flight test data of the actual pilot activities and the vehicle 

responses from this study were supplied by NASA-Lewis. This information provided a 

valuable tool in the design and insertion of the OCM pilot. The flight data was reviewed 

and the basic flight maneuver trajectories were extracted. This trajectory information is the 

basis of the command sequences that are injected into the OCM. 

54  



V.B.3. - Description of Pilot and Task Parameter Selection 

The OCM task parameters were selected from an analysis of the fundamental structure 

of the control tasks in the piloted flight data. The limited information available from the 

flight data required that most task parameters were selected subjectively. Thus, a simplified 

performance index was chosen to represent the task of minimizing the hover attitude and 

position errors indicated by the external target. 

J = Jlong + Jlat 

1 

(V.B.3.-1) 

The maximum desirable values of the position errors (XX,, YY,, ZZ,), were chosen to 

correspond to the relative target size and reflects the specifications associated with precision 

hovering. The values of the attitude angle cost parameters were chosen subjectively by 

considering a 10 degree deviation as being large. The maximum values of the cockpit 

control mechanisms were selected to be approximately 0.25 of the total control travel, as 

suggested in [26]. Table V.B.3.-1 and V.B.3.-2 list the values of the cost function weights 

associated with the vertical and lateral flight maneuvers, respectively. 



The vertical maneuver parameters were originally designed for all maneuvers. During 

tests (discussed later sections), the lateral operations showed unstable response 

characteristics in the pitch and yaw (heading) components when using the values of Table 

V.B.3.-1. Tightening the allowable deviations in pitch and yaw (compare Tables V.B.3.-2 

to V.B.3.-l), improved these response modes. The response characteristics in the yaw 

angle are expected because of the inherent couplings in the lateral-directional components. 

The responses of the pitch angle were more pronounced than were expected. These 

problems appear to stem from the limitations of the OCM's internal reference model, since 

the optimal control gains are based on the internal reference model (it's knowledge of the 

system under control). Another possible reason for the differences of Tables V.B.3.-1 and 

V.B.3.-2 can be reflection of the OCM's sensitivity to the inherent differences between the 

two maneuvers. This may be due to a reconfiguration of the manner in which the pilot must 

obtain information during the maneuvers. 

The pilot parameters were chosen according to some typical values. The weightings of 

the control rates were selected to provide a neuro-muscular lag time constant, TN, near 0.15 

seconds for each control mechanism. The magnitude of the motor noise sources for each 

control is shown in Table V.B.3.-3. These correspond to an approximate -15dB signal to 

noise ratio (S /N) .  The magnitude of the observation noise was chosen to correspond to an 

approximate -1OdB (S /N) .  These values create a remnant that is considered reasonable for a 

multi-axis hovering control task [ 101. The pure time delay was selected to be 0.2 seconds. 

V.C.4. - Results and Comparisons of OCM Pilot Insertion 

The OCM pilot was inserted into the nonlinear simulation environment of the Harrier. 

The structure of the OCM required that the vehicle trajectory associated with the control 



task be specified in position/attitude and velocityhate. This type of trajectory is generated 

by the velocityhate driven system shown in Figure V.B.4.-1, for the pitch angle 

components. This generator is replicated for the other state variables. The low pass filter 

provides bandwidth limiting of the forcing function as described in [2]. The time constant 

of this filter was selected to be 2.5 seconds. 

An analysis of the vertical and lateral flight data showed a variety of pre-test procedures 

used by the pilot to approach and align the vehicle with the target. In both cases, the vehicle 

was at rest on the ground away from the targets. The approach and alignment operations 

consisted of a vertical takeoff, followed by a ground translation and a flat rotation (yawing 

maneuver). During initial attempts at constructing the command sequence for these 

maneuvers for the OCM, trim discrepancies in the non-linear simulation program created 

problems. These primarily stemmed from problems associated with simulating the vehicle 

on the ground. To overcome these problems, the OCM tests were initialized near the targets 

with the vehicle already airborne. This allowed closer matches of trimmed values and 

simplified the test command sequences. 

Vertical Tracking Maneuver 

The vertical tracking maneuver consisted of an initial yawing rotation (to simulate the 

final stages of the pilot's alignment with the targets), followed by a holding period and then 

by the cyclic execution of the vertical operations. The cost function weightings of Table 

V.B.3.-1 were used to select the control aspects of the OCM. The vehicle was trimmed to 

the values shown in Table V.B.4.-1. The vertical rate and yaw rate command sequences of 

Figure V.B.4.-2 were applied to the OCM pilot during a 125 second simulation run. This 

command sequence requires the pilot to rotate the vehicle (flat turn - approximately 60") to 
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acquire the upper target. The pilot holds at the target (for approximately 10 seconds) then 

proceeds to the lower target at a constant rate (2.5 feedsec). The pilot is then repeatedly 

commanded to proceed back and forth between targets. 

Plot V.B.4.-1 shows a heading angle comparison of the OCM (solid line) and the 

piloted flight data (dashed line). This type of comparison strategy will be used throughout 

the following discussion. Transients associated with the target alignment phases are not 

present for times greater than 35 seconds (TIME>35 seconds). Plot V.B.4.-2 shows a 

comparison of the rudder pedal activity. The "fuzziness" of the OCM response is due to the 

noise model of the controller remnant. Rudder pedal operations differ significantly. This 

has been attributed to the limitations in the lateral dynamics of the OCM's internal reference 

model. The flight data tends to suggest that the heading angle regulation is not particularly 

critical to this maneuver. It appears that this type of activity may stem from a threshold 

regulation process where no corrective actions are taken until the e m r  crests a certain level. 

The present version of the OCM does not account for this type of behavior. 

Plots V.B.4.-3 and V.B.4.-4 compare the altitude and vertical rate responses, 

respectively. These plots show similar trends in command trajectory following. Target 

alignment operations can be seen during the initial phases of the run (TIMEc35 sec). The 

vertical rate responses of Plot V.B.4.-4 show that the OCM has similar behavior during the 

execution of the vertical maneuvers (TIME>35 sec), but does not capture the higher 

frequency content of the pilot data. This has been attributed to the low order altitude 

component representation of the of OCM's internal reference model, and possibly the lack 

of auditory feedback. 



Plot V.B.4.-5 shows a very dissimilar comparison of throttle operations. Plot V.B.4.-6 

shows a comparison of the engine speeds. During the execution of the vertical maneuvers 

(TIME>35 sec), the engine speeds show strikingly similar response characteristics from 

very dissimilar throttle operations. This discrepancy may be due to infidelities in the 

simulation environment, particularly in the throttle linkages and servo-systems. 

Plot V.B.4.-7 compares the pitch angle responses. This plot shows very similar vehicle 

orientations during the vertical maneuvering. This is an important response characteristic 

due to the fixed nozzle angle which couples the pitch angle to the forward velocity and 

position. Plot V.B.4.-8 shows the comparison of the longitudinal stick activity. The offset 

in stick operations is due to the mmmed value of the piloted data being -1.35 inches. As in 

the case of the rudder pedal, the OCM does not predict the higher frequency operations of 

the pilot. 

Plot V.B.4.-9 shows a comparison of the airspeed responses. The OCM pilot shows 

very similar characteristics in both magnitude and frequency content during the vertical 

maneuvers (TIME>35 sec). Plot V.B.4.-10 compares the longitudinal position. The offset 

is due to the initial target approach operations by the pilot. This plot shows similar but out- 

of-phase positioning response. 

Plots V.B.4.-11 and V.B.4.-12 show comparisons of the roll angle responses and 

lateral stick deflections, respectively. In both plots, the OCM fails to match the frequency 

content of the actual pilot. 



Lateral  Tracking Maneuver 

The lateral tracking maneuver was simplified by not including the initial yawing 

operations of the target alignment. The vehicle was mmmed to the values shown in Table 

V.B.4.-2. The lateral velocity command sequence of Figure V.B.4.-3 was applied to the 

OCM pilot during a 100 second simulation run. 

Plot V.B.4.-13 shows a comparison of the lateral position responses. This plot 

indicates a good trajectory following by the OCM. Plot V.B.4.-14 compares the lateral 

velocity responses. As in the vertical maneuvers, the OCM's response characteristics do 

not capture the higher frequency content of the pilot data. This is illustrated in the 

regulatory operations shown in Plots V.B.4.- 15 - V.B.4.-20. 

V.C.5. - Conclusions on the OCM pilots 

The OCM pilots have shown their abilities of providing adequate multi-variable flight 

control of the V/STOL research aircraft. The OCM is not structurally limited in it's 

maneuvering characteristics and can therefore be applied to a wide range of flight control 

objectives. Differences between the cost function weightings of the vertical and lateral 

tracking maneuvers illustrate the pilot's alteration of his approach to the individual control 

problems (possible modification of feedback to handle the characteristics of a specific 

maneuver). The OCM showed an excellent match in the longitudinal components of the 

vertical maneuver. This appears to stem from a reasonable model of the aircraft's 

longitudinal dynamics (since lateral excitation is minimal) and subjective assumptions in the 

cost function weight selection. 
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The reasons behind the OCMs inability to predict the higher frequency components of 

the pilot data are not clear. A possible reason stems from the manner in which the pilot 

obtains information. The limited information available on the targets and actual flight 

control objectives of the piloted flight data required the use of an intuitive selection of 

displays. A close examination of the pilot's control activities showed a higher degree of 

sensitivity to the angular rates than to the angular position. Attempts at configuring the 

OCM to be more sensitive to angular rates did not resolve this issue. The addition of a 

display scanning algorithm induced a cyclic feature in the OCM's responses that was 

similar to that of the pilot data. The presence of scanning behavior in the pilot flight data 

can not be substantiated and thus the OCM scanning model is only marginally permissible. 

Another possible reason is the OCMs remnant models. In some regulation operations [ 101, 

the pilot tends to "battle" his own remnant more than the external disturbance. Modifying 

the OCMs remnant models did not significantly alter the frequency content. Finally, it is 

possible that the OCM's reliance on the internal reference model of the vehicle dynamics 

creates this phenomena. Limitations in the model may restrict the manner in which the 

OCM applies it's control efforts. The lack of deadband considerations in the model (Le. the 

0.1 inch deadband in the servo-channels of the longitudinal and lateral stick linkages) leads 

to the suppression of OCM control mechanism deflections that are based on small errors. 

Possible over-accuracy in the model may provide the OCM with such a good understanding 

of the vehicle under control that all compensative actions are near optimal. This would 

account for the oms limited control deflection activities in the regulation modes. 

The OCM is very sensitive to changes in cost function weightings and muscular system 

time constants. In some cases (pitch and roll components), maximum deviation values of 
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20-3096 larger produced unstable results. This may be due to the nonlinearities in the 

simulation environment. This tends to complicate the subjective selection of cost functions. 
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VI. - SUMMARY AND CONCLUSIONS 

This report has illustrated the application of "Paper Pilots" within the flight control 

loops of V/STOL research aircraft. Two types of human dynamics models have been 

considered: 1) McRuer-Krendel - single variable transfer function, 2) Optimal Control 

Model - multi-variable approach based on optimal control and stochastic estimation theory. 

Descriptions of the models and discussions of their inherent limitations in predicting human 

behavior have been provided. Design strategies and methods of inserting the pilots within 

the control loops have been discussed and illustrated for two V/STOL research aircraft: 1) 

Sikorski Black Hawk UH-60A - a high performance helicopter, 2) McDonnell Douglas 

Harrier II AV-8B - a thrust vectored jet fighter. Results of simulated pilot insertion have 

been analyzed and compared to the control activities of actual human pilots performing 

similar control objectives. 

The "Paper Pilots" have shown their abilities to successfully "fly" the V/STOL aircraft 

that have been considered in this research. The simulated pilots provide a stabilized control 

over the vehicle and respond to control objectives in a manner similar to human pilots. The 

response characteristics of the pilot models are, however, very general in nature. This 

appears to stem from the "Paper Pilots" inability to completely simulate the human's 

complex manner of obtaining and processing information, and applying the controls to the 

vehicle. In addition, it may be possible that the pilots have an over-detailed description of 

the vehicle under control and thus exert a nearly ideal control response. 
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Of the two human dynamics models that have been considered, the OCM appears to 

provide the better simulation of human activities. It's multi-variable structure and state 

variable framework provide a simple yet effective method for describing the pilot's abilities 

and the control objectives that the pilot is confronted with. The maneuvers that have been 

considered for the OCM are in the low speedpowered-lift region of the flight envelope. To 

maneuver in other regions of the flight envelope, the control objectives (Le. the vehicle 

model and control strategies) must be altered because of the changes in vehicle dynamics. 

The use of envelope based gain tables provides a possible solution but the tables must be 

constructed in an off-line approach (not a simple task) and do not allow for alternative flight 

configurations. In addition, transition/interpolation between flight regions must be well 

defined to avoid c o n k 1  transients. 

Improvements are needed to provide the OCM with a more complete description of pilot 

activities and to simplify the OCM pilot design process. Adaptive procedures have been 

successfully applied to the single variable McRuer-Krendel model. This strategy appears to 

have a good prospects for use in the OCM based pilots. The OCM is, however, a much 

more detailed and complex system. Adaptive procedures for the OCM will require a 

different parameter estimation scheme (because of it's high order) and will also need a 

different optimization scheme if muscular system time constants are to remain the same. 

Initial research on this subject (not discussed in this report) indicated favorable results. Due 

to time constraints, this work was not fully established. A further investigation in these 

areas is suggested as the focus of future research efforts. 

In conclusion, the "paper pilot" provides a safe, convenient, and seemingly effective 

method for introducing human pilot response characteristics during the design process 
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without resorting to the use of manned, fixed-base simulators. Construction and application 

of the pilot models are relatively straight forward and the pilots can be configured to 

achieve a large number of flight configurations and control objectives. 
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APPENDIX A 

DESCRIPTION OF THE OCM 

This appendix presents a mathematical overview of the Optimal Control Model of 

Human Dynamics that is developed in [4]. A continuous time description of the OCM is 

discussed.and a discrete time representation is then developed for use in the computer 

simulation environment. 

A.l.  Mathematical Overview of the OCM 

This section provides a general overview of the mathematical concepts involved with 

the OCM. Figure A.l.-1 shows a block diagram of the internal structure of the OCM. For 

the purpose of definition, the dynamics of the system under control will include the 

dynamics of the actuation, sensory subsystem, SAS, and any other on-board control 

systems. The overall system under control will be represented by a set of linearized 

equations of motion. 

- 
x(t) = A x(t) + B u(t) + %(t) (A.l .-1) 

- y(t) = c Z(t) (A. 1 .-2) 

The system dimension is assumed to be "n", the number of inputs (Le. cockpit control 

mechanisms) is assumed to be "m" and the number of outputs (Le. visually and extracted 

displays) is assumed to be "1". The variables and parameters are defined as follows: 
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- 
x(t) = "n" dimensional system state vector 

- 
u(t) = vector of *'rn'' control inputs (in this case, the cockpit control mechanisms) 

- 
y(t) = vector of "1" system outputs (linear combination of the system states as 
perceived and deduced by the human from the displayed information) 

w(t) = vector of "n" external disturbances that are independent, zero mean, 
white, gaussian noise sources, where: 

E{ w(t),wT(@) = Q, 6(t-o) (A. 1 .-3) 

A = (n,n) systemmatrix 

B = (n,m) input distribution matrix 

C = (1,n) output measurement matrix 

It is assumed that the human pilot/operator maintains an internal model of the system 

under control to base his control and estimates on. 

- 
x(t) = F x(t) + G u(t) 

- 
y(t) = H Z(t) 

(A. 1 .-4) 

(A. 1 . -5)  

The parameters are defined as follows: 

F = Human's perception of the system matrix 

G = Human's perception of the input distribution matrix 

H = C  
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It is assumed that the control task is adequately reflected in the human's choice of the 

best control input, "u*(t)''. In addition, the human's choice is also based on his inherent 

knowledge of his neuro-muscular limitations. The optimal control input "u*(t)" minimizes, 

in steady state, the cost function given by: 

T 

J(u) = T - 0 0  lim E { ij[ i(t)TQE(t) + U(t)TRU(t) + i(t)TSi(t)]dt 

6) 

(A. 1.- 
Y,(@ 

where 

o5t 

Q and R are positive semi-definite 

S is positive definite 

The formulation of EQ(A.l.-6) does not directly include the neuro-muscular dynamics 

of EQ(I1.-1), but instead provides a cost on the control rate in J(u). The inclusion of a 

ccntrol rate term results in a first-order lag being introduced in the optimal controller. This 

term is utilized to indirectly model the physiological limitations of the rate at which a human 

can perform a control action due to the neuro-musculadrnotor dynamics. 

The solution to this optimization problem is obtained by defining an augmented system. 

X,(t) = F, %,(t) + G,;(t) + W, (A. 1 .-7) 

where 
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X,(t) = (A. 1 .-8a) 

An optimal control rate is generated by the linear feedback law: 

- -  

From EQ(II.A.2.A.-3) and Figure II.A.2.A.-2 we have: 

- 
Tnf ( t )  + u*(t) = u,(t) + Vuu(t) 

- 
u,(t) = - K*x(t) 

thus 

Z( t )  = - T: Z ( t )  + T: U,(t) + T i  VU,(t) 

or 

- 
>(t) = - T: u*(t) - Ti K*x(t) + T: V,,(t) 

which results in 

(A. 1.-8b) 

(A. 1 . -9) 

(A.l.-lOa) 

(A. 1 .-lob) 

(A. 1 .- 1 0 ~ )  

(A. 1. - 1 Od) 
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. .. 

where 

K t  = Ti K* 

K:, = T;1’ 

The feedback gain mamx, KO, is obtained from: 

KO = GOT S-’ Po 

(A. 1 . - 1 Oe) 

(A. 1 .- 100 

(A. 1 .-log) 

(A. 1.-11) 

Po is the unique positive definite solution of the “n+m” dimensional matrix Ricatti 

Equation. 

where 

$‘p0 + P ~ F ,  + Q - P , G , S - ~ G ~ P ~  = o (A. 1.-12) 

(A.l.-13) 

The key to implementing this control strategy is in the selection of the control rate cost 

weightings, S, to obtain: 

= [ KO0 T:] (A.l.-14) 



The Kalman Filter estimates the delayed system state from the observation of the 

delayed, noisy system outputs and an inherent knowledge of the delayed "command" 

control, u,(t-d). The Kalman Filter uses an alternate augmented system to derive it's 

estimates. 

%,(t) = F, %,(t) + G,i,(t-d) + GI1 W, (A. 1 .- 15) 

where 

H , = [ H  0 1  

(A. 1.- 16b) 

(A. 1 .- 1 6 ~ )  

It is important to note that the estimated state of EQ(A.l.-15) utilizes the delayed desired 

control input, ic(t-d), as the driven deterministic input. The Kalman Filter generates the 

delayed estimate of the delayed state via: 

4 A A 

x,(t-d) = F, X,(t-d) + G,Gc(t-d) + K, [ ?&t) - HI %,(t-d) ] (A. 1 .- 17) 

The output error is weighted by the Kalman gains, K,, that are generated by: 

T -1 
Kl = Pl Hl 't (A. 1.-18) 
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where the error covarience matrix, P,, satisfies 

FIT P, + P, F, + Q, - P, H, R; HIT P, = 0 

Q1 = 

where 

'Qw 0 (1 
(A.l.-19) 

(A. 1.-20a) 

The least-squared error predictor generates a time advanced estimate of the present time 

state from the delayed estimated state of EQ(A.l.-17). The prediction is based on the 

internal reference model: 

where 

The time update of the predicted state is generated by: 

(A.l.-21) 

(A. 1.-22) I 

(A.1.-23) 

The delayed state error weighting, K2, is given by: 
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K2 = e Fld (A. 1.-24) 

which is the state transition matrix for the time advancement. 

The fundamental modules of the OCM, that have been defined above, are summarized 

by Figure 1I.B.-2. 

A.2. Discrete Time Representation of the OCM 

The continuous time OCM described above was transformed to a discrete time 

equivalence for insertion into the simulation environment. The following sections describe 

the transformation technique and the resulting discrete time model. It is important to note 

that the Kalman Filter and the Optimal Control gain calculations will be based on time 

varying solutions. 

Discrete Time System Model 

The discrete time representation of the system's involved in the OCM are based on the 

Zero-Order-Hold equivalence transform (ZOH) described in [27]. The difference equation 

representation of the perceived system's state equation, EQ(A.l.-4), is given by 

- 
xk+l (A.2.- 1) 

and the measurement equation, EQ(A. 1 .-5), is given by 

73 



The discrete time "n" system states, "m" system inputs, and "1" system outputs are 

represented by 

The discrete time process noise model and covarience matrix are given by 

The discrete time observation noise model and covarience matrix are given by 

vi = [Vy,Vy, 1 2  ..., V$T 

Ryk = E[ VY,,ViT] = Ry 

The ZOH discrete time equivalence transformations are given by 

(A.2 .-3) 

(A. 2. -4) 

(A. 2. -5) 

(A.2. -6) 

(A. 2. -7) 

(A. 2. - 8) 

(A.2. -9) 
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r, = d e F T s d o  

where 

T, = Samplingperiod 

Pure Delay Model 

(A.2.- lob) 

(A.2.- 1 0 ~ )  

Information processing and neuro-motor signal delays are represented by the pure 

delays shown in Figure A.l.-1. The delays are implemented by a sliding window FIFO 

buffer of length D. 

d D =  MOD(^) 
S 

where 

D = Number of sampling periods 

d = Continuous time delay 

T, = Samplingperiod 

The FIFO buffer is driven by 

DO I = D , l , - l  

- - 
xK-I = XK-I+I 

ENDDO 

(A.2.-11) 

(A.2.-12) 

75 



Neuro-muscular and Optimal Control Generator 

A recursive time varying solution of the discretized optimal controVgain generator 

described in [27] is utilized. The optimal control rate is defined by EQ(A.l.-lOe) and it's 

discrete time representation is given by 

--+ 
U k + l  = CD IT + r O X  + r 1V; 

KO KO KO 

where the motor noise and it's covarience matrix are given by 

(A.2.- 13) 

(A.2.-14a) 

(A.2.- 14b) 

The optimal state feedback gains can be rewritten into the form of the recursive solution 

where 

(A. 2. - 1 5a) 

The feedback gain matrix is obtained from the recursive relations in terms of the augmented 

system 
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< o r  
a0 = [ ] ro = [ Y ]  

0 0  
(A.2.-16) 

The recursive solution of the optimal control gains is given by: 

The cost weightings on the states, controls, and control rates (Q,R,S) respectively, are 

introduced in the manner used in the continuous problem 

(A.2.-18) 

The control rate weightings, s k ,  are chosen such that, in steady state, the set of equations 

EQ(A.l.-17) result in 

Ts 
e-  T: 

(A.2.- 19) 

The state feedback matrix directly results from the solutions of EQ(A.l.-17). The diagonal 

elements represent the time constants of the individual neuro-muscular systems associated 
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with the separated cockpit control mechanisms. The motor noise gain mamx is obtained 

from 

r4 = 1-0  I (A. 2. -20) 
KO 

The finalized state feedback matrix results from 

(A. 2. - 2 1 a) 

Discrete Time Kalman Filter 

A recursive time varying solution of the discrete time Kalman Filter described in [28] is 

utilized. The Kalman Filter is used to estimate the delayed system state from the 

observation of the delayed noisy system outputs 

(A. 2.-22) 

from a knowledge of the desired delayed control command 

and an understanding of the motor and process noises and their respective covariences. The 

Kalman Filter bases it's estimates on the augmented system given by 
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r" - 

The measurement update equations are 

and the time updates are given by 

where 

The time varying Kalman gains are generated by 

- 
K: = P ; H ~ ( H P : H ~  + R:)-' 

(A .2. -24 b) 

(A.2. -25 a) 

(A.2.-25b) 

(A.2.-26a) 

(A. 2. -26b) 

(A.2. - 2 6 ~ )  

(A.2.-27) 

with the initial conditions 
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- 
Pi = 0 

A -  

(A. 2. -2 8 a) 

(A.2.-29b) 

Discrete Time Predictor 

The discrete time, time advance predictor uses the internal reference model given by 

The prediction matrix is given by 

where the state projection matrix is given by 

KE = e FlD 

(A.2.-31) 

(A. 2. -32) 
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APPENDIX B 

A LINEAR STATE SPACE MODEL 

This appendix presents a linear state space model of the Hanier AV-8B dynamics from 

aim, while operating in the low speed/powered lift region of the flight envelope. This 

model is directly utilized as the internal reference model in the OCM implementations. This 

appendix is separated into two sections: 1) Assumptions, simplifications and general 

derivation of the model, 2) Identification of model parameters from an analysis of the 

response characteristics of the non-linear simulation program. 

B.l.  - Harrier AV-8B Model Development 

A generalized linear representation of the core longitudinal dynamics is given by: 

(B. 1 .-6) 

Due to the low speed assumption, a variety of simplifications can be made and verified by 

an analysis of the responses of the simulation model program. The first series of 

assumptions are directed at the forward velocity components. A very general assumption 

that can be made is: X, - 0. This assumption is based on the relative unimportance of the 

angular rate on the forward velocity through the entire flight envelope [21,22]. The next 

simplification is: X, - 0. This assumption is based on aerodynamic symmetry and an 

analysis of the vehicle's forward velocity response characteristic due to an positive impulse 
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of the throttle while in a near hover as shown in Plot B.l.-1. An additional simplification 

of X, - 0, can be derived from Plot B.l.-1 and an intuitive analysis of the low 

speed/powered-lift thrust vector's effect on the forward velocity as shown in Figure 

IV.A.l.-2. The final forward velocity component assumption is: X, - 0. This 

simplification is based on the longitudinal stick's dominant effect on vehicle pitching 

motions, shown in Figure 1V.A. 1 .-3. Plot B. 1.-2 backs-up this assumption by illustrating 

that the longitudinal stick's effect on forward velocity is coupled to the redirection of the 

thrust vector associated with the pitching motion and is therefore not direct. Thus as shown 

in the thrust diagram of Figure IV.A.1.-1, the nozzle angle control, Xj, will dominate the 

control of the vehicle's forward velocity. It is important to note that this model does take 

into account the pitch angle's effect on the forward velocity, where typically, X, = g, the 

gravitational acceleration. 

The effects of the lateral system components on the response characteristics of the 

forward velocity where considered insignificant from a analysis of the responses of the 

simulation model program. Plot B.l.-3 shows the forward velocity response due to an 

impulse on the lateral stick. Plot B.l.-4 shows the response of the same state variable due 

to an impulse on the rudder pedals. The forward velocity reactions to the lateral stick and 

rudder pedal operations are similar in magnitude to those of the longitudinal stick and 

throttle. For this reason, the lateral components of the forward velocity are ignored. 

The next series of assumptions are directed at the rotational modes of the longitudinal 

dynamics. The f is t  assumption is based on aerodynamic symmetry and the negligible 

pitching reactions due to vertical motion, thus M,,, - 0. Plot B. 1.-5 illustrates the relatively 

small pitch rate response due to an impulse of the throttle. Although M, does have a small 
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effect on the pitching rate, it will not effect the hovering characteristics. An additional 

assumption that can be derived from Plot B.1.-5 is MT - 0. This term primarily describes 

the moment arm of the thrust vector on the vehicle's center of gravity. A final rotational 

component assumption is Mj - 0. This term describes the rotational effects of the nozzle 

angle due to the thrust vector's moment arm on the vehicle center of gravity. Plot B.l.-6 

shows pitch rate reaction due to an impulse of the nozzle angle. Again, this response 

characteristic will not have a significant effect on the low speed flight dynamics. The 

control mechanism assumptions of MT - Mj - 0, indicate that the longitudinal stick will 

dominate the control of the rotational dynamics due to the relatively large moment arm 

associated with the physical locations of the forward and aft RCS jet vents, as shown in 

Figure IV.A.l.-3. The term Mu is retained to provide a coupling between the forward 

velocity and longitudinal rotations. Although, low speeds are assumed, it will be shown 

later that this term and the forward velocity terms, X, and q, provide the couplings that 

tend to generate the long term Phugoid responses. 

The pitch rate responses due to impulses of the lateral stick and rudder pedals are 

shown in Plot B.l . -7  and Plot B.l.-8,  respectively. These reactions are similar in 

magnitude to those of the throttle component, q, and are therefore neglected. 

The final series of assumptions in the longitudinal dynamics are directed at the vertical 

velocity components. The first assumption is based on the relatively small conmbution of 

the pitch rate on the vertical components [21,22], thus, Zq - 0. Plot B.l.-9 illustrates the 

vertical rate response due to an impulse on the longitudinal stick. This response 

characteristics reveals that the longitudinal stick's component, 2, - 0, is also a realistic 

assumption. The pitch angle component is small due to the small angle and low speed 
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assumptions, thus, Z, - 0. Another simplification due to the low speed assumption is Z, - 
0. This assumption would not hold true if the Harrier was a tilt-wing V/STOL aircraft. For 

those types of vehicles, approaches Zw. The final simplification is directed at the relation 

between the nozzle angle and the vertical components. Plot B.l.-10 shows the response of 

the vertical rate due to an impulse of the nozzle angle. An examination of Plot B. 1.-10 and 

Figure IV.A.l.-1 shows that perturbations about the large nozzle angle has only a small 

effect on the lift components, thus Zj - 0. The control mechanism assumptions of Zj - Ze - 
0, indicate that the throttle control will tend to dominate the vertical dynamics due to the 

large nozzle angle associated with low speedpowered-lift flight. 

The vertical rate reactions due to operations of the lateral stick and rudder pedals can be 

seen in Plot B.1.-11 and Plot B.l.-12, respectively. These responses are on the order of 

those associated with the longitudinal stick and nozzle angle. This suggests that the lateral 

components can be neglected. 

Incorporating the above assumptions within the longitudinal system model of EQ(B. 1.- 

6 )  results in the following low speedpowered-lift longitudinal model. 

Xe 

0 

0 

0 

0 

1 

ha 
0 

'j 

0 

0 

0 

To better understand the longitudinal responses of the low speedPowered-lift region of the 

flight envelope and the correspondence of the vehicle model that has been developed, an 
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analysis of the vehicle’s longitudinal dynamics will now be conducted. This analysis is 

based on the Laplacian approach used in [22]. An additional objective of this analysis is to 

obtain an understanding of the transfer function relationships to the above system model. 

This will be helpful in implementing parameter identification techniques. Before initiating 

the analysis it should be observed that the vertical components are strongly decoupled from 

the translational and rotational components. This is primarily due to the dominance of the 

powered-lift assumptions associated with the vertical components and being negligibly 

small while in low speed flight. 

The rotational and translational components of the longitudinal dynamics can be 

approximated by the following system. 

The characteristic equation of this reduced system is given by: 

(B. 1 .-8) 

(B. 1. -9) 

(B. 1 .- loa) 
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or 

AWN, = S3 - (Xu + M,)S2 + M,%S - XeM.,, (B. 1 .-lob) 

EQ(B.l.-lob) is the classical longitudinal hovering cubic [22]. From Plot B.l.-13, one can 

observe both the short period and long period dynamics of the pitch rate's response. This 

type of response supports a characteristic equation of the form: 

(B.1.-11) 

where the parameters are given by: 

T, = The pole associated with the time constant of the short period response 

w - The natural frequency of the long period response 

t$p = The damping ratio of the long period response 

lP - 

Expanding EQ(B.1.-11) to the form of EQ(B.l.-lob) results in: 

s3 + s2(2wg4p + T,) + S(W,,2 + 2WlpqpTsd + TspWlp2 

Relating the terms of EQ(B.l.-lob) and EQ(B.l.-12) we have: 

(B. 1 .- 12) 

(B. 1.- 13a) 

(B. 1.-13b) 

(B. 1 .- 1 3 ~ )  

From [16,17,19], we can assume: 
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w * issmall 1P 

Applying these assumptions to EQ(B. 1 .- 13) results in: 

(B. 1 .- 14a) 

(B. 1 .- 14b) 

(B. 1.- 15a) 

(B. 1.-15b) 

Thus we can see that the long period modes are due to the coupling between the 

translational and rotational components. The short period modes are purely due to the 

rotation of the vehicle about it's center of gravity. Xe transmits the short and long period 

rotational perturbations to the translational motion. M,, primarily couples the long term 

translational perturbations to the rotational dynamics. It can be shown, through a more 

detailed analysis [23], that Mu e 0 causes divergence in the phugoid modes. This may be 

the case for the Harrier configuration that is used in this study. Plot B.l.-14 shows a 

diverging phugoid mode in the pitch rate. This type of unstable phugoid oscillation appears 

to be typical for hovering vehicles when out of ground effect [22]. 

The resulting low speed/powered-lift longitudinal model for pilot frequencies is given 

by: 

Xe 

0 

0 

0 

0 

1 

3 
0 

0 

zv o ] [ j + [ :  0 0 

'j 

0 

0 

0 
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The characteristic equation of this system is given by: 

A'LONG = s2(s Mq)(S - z,> 

or 

AILONG = S4 - S3(Mq+Z,) + S2MqZ, (B. 1 .- 17b) 

A generalized representation of the lateral-directional dynamics is given by: 

In a manner similar to the longitudinal model, a variety of simplifications can be made and 

verified by an analysis of the simulation model responses. The first series of assumptions 

are directed at the lateral velocity components. The coupling of the roll rate to the lateral 

velocity, Y,, can be neglected due to it's general unimportance throughout the flight 

envelope [21,22]. The primary coupling of the roll rotational dynamics is provided by the 

roll angle component, Y4. This is because of the thrust vector redirection due to roll angle 

perturbations, as shown in Figure IV.A.l.-4. A comparison of Plots B.1.-15, B.1.-16 

shows the direct relationship of roll angle to the lateral acceleration. In the low speed region 

of the flight envelope, the yaw rate component, Yr - 0, due to the lack of forward velocity. 

This component tends to translate the forward velocity into the lateral velocity. As the 
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forward velocity increases this term directly increases in the form Y, - -Vu. The geometry 

of the wing-tip RCS jets, as shown in Figure IV.A.1.-4, relates the operations of the lateral 

stick to purely rolling motions. Assuming symmetry and the wing-tip RCS jet's lack of a 

direct effect on the lateral velocity, results in Y, - 0. The primary coupling of the yaw 

rotational motions to the lateral translations is provided by the tail-end RCS jets via rudder 

pedal control, Y,. Plot B. 1.-17 shows the direct relation of the rudder pedals to the lateral 

acceleration. This is due to the relatively large moment arm of the tail-end jet's physical 

configuration. 

The next group of simplifications are directed at the yaw/directional components. Using 

the geometry and symmetry arguments of above, the low speed characteristics of the 

couplings of the roll rate to the yaw rate is threw Np. The lateral velocity effects on the yaw 

rate are primarily due to the non-symmemc vehicle body configuration along the x axis (Le. 

cross sectional area of the vertical stabilizerhudder when compared to that of the 

forward/nose section). During low speed flight the yaw rate is not very sensitive to lateral 

translations and thus N, - 0. It is interesting to note that this term is important when dealing 

with a single main rotor helicopter with a tail rotor. This is due to the tail rotor's sensitivity 

to local sideslip and it's generally high main rotor disk loading [22]. 

The final area of simplification is directed at the roll dynamics. During low speed flight, 

the effects of small perturbations in lateral velocity on the roll rate, L,, can be neglected. 

This, however, is not the case for larger lateral velocities due to the size and orientation of 

the Harrier II AV-8B's critical wing. 
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Incorporating the above assumptions within the lateral-directional model of EQ(B. 1 .- 
18) results in the following low speedpowered-lift lateral model. 

' 0  0 1  

An analysis will now be conducted to better understand the lateral responses of the low 

speed region of the flight envelope. This analysis will also provide some insight to further 

simplifications of the system model. The characteristic equation of the simplified system of 

EQ(B.l.-19) is given by: 

ALAT = det 

which results in 

S(S -LJ -b 0 

-SN, S - N, 0 

. -Y(p 0 s - y v  

(B. 1.-20) 

A,, = S(S - Lp)(S - N,)(S - Y,) SLrNp(S - Y,) (B. 1 .-2 1 a) 

or 

AUT = S4 - (Lp+N,+Y,)S3 + (LpNr+YvLp+Y,N,-LcJdS2 + Y,(L~p-LpNr>s 

(B. 1.-21b) 
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The classical lateral dynamics can be described by the characteristics equation: 

ALAT = (S + T,)(S + Tr)(S2 + 2wd6dds + W:) (B. 1.-22) 

where 

T, = The pole associated with the time constant of the spiral mode 

Tr = The pole associated with the time constant of the roll subsidence mode 

wd = Natural frequency of the dutch role mode 

6d = Damping ratio of the dutch role mode 

In general the time constant of the spiral mode is very long. For this reason and the fact that 

only the pilot frequencies are considered, the spiral mode can be reduced to an integrator 

model, thus: 

(B. 1 .-23a) 

or 

A'UT = s4 + s3Fr + 2wd6,j) + s2(2W,j6dTr + W:) + ST,W: (B. 1 .-23b) 

The terms of EQ(B.l.-23b) can be related to those of EQ(Iv.a.l.b.-2lb) as follows: 

-L -N -Y, = Tr + 2wd6d (B. 1 .-24a) P r  
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Plot B. 1.-18 shows both the long and short period modes of the yaw rate response due to 

an impulse on the rudder pedals. This plot shows a divergent dutch roll mode that 

maintains a relatively long period. From this, one can assume: 

w> i s s m d  (B. 1.-25) 

Including this assumption within EQ(B. 1.-24c) we have: 

Y v - 0  

LPp -0  

(B. 1 .-26a) 

(B. 1 .-26b) 

The resulting low speecUpowered-lift lateral dynamics model for pilot frequencies is given 

by: 

The characteristic equation of this system is given by: 

A",, = S4 - S3(L,+Nr) + S2L,Nr 

(B. 1 . -27) 

(B.l.-28) 
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B.2. - Identification of Vehicle Model 

The high order state space models have been developed to facilitate direct parameter 

identification techniques. This section will derive the relationships that are used to identify 

the model parameters and finally obtain a parameter set from an analysis of the responses of 

the simulation program. The parameter identification techniques that are considered, rely on 

transfer function representations. To interface with these identification approaches, a set of 

transfer functions will be derived from the system models developed above. The transfer 

function representations are obtained by applying the Laplacian techniques used in the 

previous sections. The key to this approach is the development of a set of coupling 

numerators. These numerators will provide the transmission path characteristics from the 

cockpit control mechanisms to a specific state variable. The transfer function of a specific 

control function is obtained by introducing the appropriate characteristic equation as the 

denominator. To simplify this analysis, the longitudinal and lateral dynamics will again be 

decoupled to the forms of EQ(B.1.-16) and EQ(B.l.-27). 

The longitudinal transfer functions are based on the state system of EQ(B.l.-16) and 

the characteristics equation of EQ(B. 1 .- 17a). The parameters that require identification 

within the longitudinal model are: Me, M,, X,, Xj, q, and 2,. The coupling numerator of 

the longitudinal stick to the pitch angle is given by: 

L O  0 

The resulting transfer function is: 
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The pitch rate transfer function is therefore: 

(B .2.-2) 

(B .2  .- 3) 

This transfer function is a reasonably accurate model of the short period response 

characteristics of the pitch rate in Plot B.2.-1. The the parameters Me and Mq are directly 

identifiable from EQ(B.2.-3) and Plot B.2.- 1.  

Me - 0.71 

Mq - - 1.56 

(B.2.-4a) 

(B. 2. -4b) 

The coupling numerator of the nozzle angle to the forward velocity is given by: 

= XjS(S-Mq)(S - 2,) (B.2.-5) 

. o  0 s-z, 

The resulting transfer function is given by: 

I 

V,(S) XjS(S-M,)(S - 2,) -- - 
SjG) A LONG(S) 

(B .2. -6) 

This provides a fairly accurate approximation to the initial time response of Plot B.2.-2. 

The parameter Xj is obtained from the step height and is given by: 
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X, - -0.017 (B.2.-7) 

The pitch angle coupling term, h, can be directly obtained from gravitational components. 

Due to the low speed assumption, the pitching component will tend to follow the response 

characteristics of the nozzle angle, which results in: 

X, = -0.017 

This is a good assumption if fixed nozzle angles are considered. 

The coupling numerator for the throttle to the vertical rate is given by: 

The resulting transfer function is given by: 

(B .2.-8) 

(B.2.- 10) 

(B.2.-11) 

Plot B.2.-3 shows a damped sinusoidal response instead of the first order response. This is 

due to the engine response characteristics as shown in Plot B.2.-4. Comparing these plots, 

the t e r n  and Z, can be extracted and result in: 

- 0.024 (B .2. - 1 2a) 

Z, - -0.83 (B.2.-12b) 
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The lateral transfer functions are based on the state system of EQ(B.l.-27) and the 

characteristics equation of EQ(B. 1 .-28). The parameters that require identification in the 

lateral-directional model are: Lp, N,, N,, Yo, La, L,, N,, and Yn. The coupling numerator of 

the lateral stick to the pitch angle is given by: 

The resulting transfer function is given by: 

The roll rate transfer function is therefore: 

po=L 
Sa(S) 

(B.2.-13) 

(B.2.-14) 

(B.2.-15) 

This transfer function is a reasonable approximation to the short period response of Plot 

B.2.-5. The parameters La and Lp can be directly obtained from Plot B.2.-5 and EQ(B.2.- 

15): 

La - 1.89 
Lp - -3.45 

(B.2.-16a) 

(B.2.- 16b) 

The coupling numerator for the lateral stick to the yaw rate is given by: 



The resulting transfer function is given by: 

(B.2.-17) 

(B.2.- 18) 

The parameter Na can be obtained by comparing the short term response of Plot B.2.-6 to 

EQ(B.2.- 18). 

Na - 0.2 (B. 2. - 19) 

The term N, is not easily derived from the relation of EQ(B.2.-18) ot Plot B.2.-7. Plot 

B.2.-7 will be utilized to determine N, in a later examination. 

The coupling numerator for the lateral stick to the lateral velocity is given by: 

The resulting transfer function is given by: 

(B .2. -22) 
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The above transfer function provides a manner in which the pitch coupling term, Y$, can 

be obtained. The difficulty with this approach is the presence of the double integrator. A 
more straight forward approach is to directly obtain YQ from a comparison of Plots B.1.-15 

and B.l.-16 which yields: 

YQ - 0.56 

The coupling numerator of rudder pedals to the yaw rate is given by: 

The resulting transfer function is given by: 

(B.2.-23) 

(B.2.-24) 

(B. 2. -25) 

A comparison of EQ(B.2.-25) and Plot B.2.-7 shows a much more direct access to the 

parameter N,. The parameters, N, and N, are given by: 

N, - -0.83 

N, - 0.5 

(B .2  .- 26a) 

(B .2.-26b) 

The coupling numerator for the rudder pedals to the roll angle is given by: 
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The resulting transfer function is given by: 

The roll rate transfer function is therefore: 

(B.2.-27) 

(B.2. -28) 

(B .2. -29) 

The parameter L, can be obtained from Plot B.2.-8 and the use of the result of EQ(B.2.- 

29). 

L, - -0.25 (B .2. -30) 

The full rank linearized state model used in the development of the OCM pilot can be I 

I 

seen in Figure B.2.- 1. The identified parameters are listed below. 



Me = 0.71 

Mq = - 1.56 

Xj = -0.017 

X, = -0.017 

= 0.024 

Z, = -0.83 

La = 1.89 

Lp = -3.45 

Lr = -0.25 

Nr = -0.83 

Np = 0.21 

Nn = 0.5 

YQ = 0.56 

Yrr = 0.0 

( B 2 - 3  1) 
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APPENDIX C 

A USERS GUIDE TO THE OCM SOFTWARE 

This appendix serves as a user's guide for the OCM pilot software. An overview of the 

OCM software implementation is presented. The algorithm for configuring the OCM is 

illustrated. The procedure for operating the OCM within the VSRA environment is 

illustrated and examples are provided. 

C.1. - Overview of the OCM Software 

The OCM software is designed to be utilized as an active element of the NASA-VSRA 

simulation environment. The OCM software system consists of four software modules and 

a configuration file, as shown in the block diagram of Figure C. 1.-1. The modules and file 

are defined as follows: 

1. OCM-L1ST.NM.L - This file serves as the configuration file for the OCM. The 

continuous time internal reference model (F,G,H matrices), pilot delay (TD), noise 

parameters (Qu, R,,), system initial conditions, forcing function time constant, and OCM 

cost function weightings (Q,R,S) are contained in this file. The file is arranged in a 

"nameiist" format. 

2. OCM-SETUP - This module initializes and configures the OCM environment. 

OCM initial condition, internal reference model, pilot data, and cost function weights are 

read from the OCM-LIST file. A discrete time representation of the internal reference 

model is generated. Optimal control gains are calculated by solving the steady state matrix 

Ricatti equation. Steady state Kalman gains are computed and covariance matrices are 
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initialized. The state transition matrix of the predictor is generated. All necessary 

information is loaded into specific COMMON regions for use by other OCM functions. 

3. OCM-TRAJ - This module generates the time based trajectory that the OCM-PILOT 

is to follow. The time referenced command sequence is integrated and bandlimited to 

provide a full rank command. The command sequence is independent of the sampling rate 

of the simulation environment. The integration computations require sample period 

information. 

4. OCM-PILOT - This module performs the active computations involved in the 

closed loop participation of the OCM within the VSRA simulation environment. These 

include measurements of the VSRA state, obtaining the command trajectory from the 

OCM-TRAJ module, noise model generation (via Box-Meuller approach), delay 

progression, measurement and update of the Kalman filter estimates, time advance 

predictions, and control input calculations. The control inputs are then applied to the VSRA 

through the cockpit control mechanism variables. 

5.  OCM-SUBS - This module contains a pool of utilities that simplify the organization 

and implementation of the other OCM modules. Some of the utility functions include: 

matrix and linear algebra operations, Kalman filter gain and covariance progression 

generators, optimal control solver and gain generator, and a continuous time to discrete 

time converter. 

To interface the OCM software to the VSRA simulation environment, the main VSRA 

driver program (VSRA-DRIVER) was modified to accommodate the OCM system. The 
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modifications involved that allocation of various common areas to support OCM 

operations, and the implantation of the OCM-SETUP and OCM-PILOT modules at 

specific points within the simulation initialization and primary execution loops. In addition, 

two new VSRA commands were introduced to handle the OCM initialization phases and the 

flight simulation operations involving the participating OCM. The use of these commands 

will be explained in greater detail in later sections. To accommodate the output of the OCM, 

the file writing code of the PLOTDATA.FOR subroutine was modified to include OCM 

variables within the unformatted output data file VSRA-POLY.PLT. 

C.2. - Installing the OCM 

The OCM software is contained on a VAX Files- 1 1 formatted tape labeled "PI"'. The 

following files must be recovered from the tape: 

1) OCM-SETUP.FOR 1l)NAMELIST.NML 

2) OCM-PILOT.FOR 12) OCM-LIST.VRT 

3) OCM-SUBS.FOR 13) OCM-LIST.LAT 

4) 0CM-TRAJ.FOR 14) POOA.VRT 

5 )  PLOTDATA.FOR 15) POOA.LAT 

6) VSRA-OCM.FOR 16) OCM-PLT.VRT 

7) OCM-PLOT.FOR 17) OCM-PLT.LAT 

8) VSRA-OCM.OPT 18) PITl"15 1 .DAT 

9) FTP.OLB 19) PITI'21O.DAT 

10) *.OBJ 

Files 1-6 correspond to the primary OCM software modules. File 7 is the modified plotting 

routine for the OCM. File 8 is the special linking configuration for the OCM. File 9 is the 
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VSRA library supplied by NASA-LEWIS. The file set *.OBJ (10) corresponds to the pool 

of pre-compiled VSRA modules used during the linking procedures by VSRA-0CM.OPT. 

File 11 is the VSRA configuration file. Files 12 and 13 are the OCM configuration files for 

vertical and lateral maneuvers, respectively. Files 14 and 15 are the VSRA setup command 

files for vertical and lateral maneuvers, respectively. Files 16 and 17 are the plotting 

configuration files for the vertical and lateral maneuvers, respectively. Files 18 and 19 are 

the unformatted data files of the pilot flight operations for the lateral and vertical 

maneuvers, respectively. 

Files 1-6 should be compiled with the VAX Debug function enabled (to be consistent 

with the VSRA format). The VMS command smng for compiling is as follows: 

$ FORTRAN/DEBUG/NOOPT/CROSS-REF/CONT=99 filename.FOR 

where "filename.FOR" is the appropriate Fortran file from the above list. Linking 

operations are controlled by a modified version of VSRA-DRIVER.OPT 

(VSRA-0CM.OPT). The modifications incorporate the OCM software modules during the 

link process. The linking command string is given by: 

$ LINKDEBUG VSRA-OCM/OPT,LIB:FTp/LIB 

where the device LIB: contains the library FTP.OLB. 

A previous version of the OCM software utilized three external libraries: 1) SLATECH, 

2) IMSL, 3) DISPLA. These libraries offer many routines (particularly the SLATECH 

routine RICSOL, that solves various versions of the matrix Ricatti equation) that simplify 

the generation of the optimal control gains, muscular system time constants, Kalman filter 

gains and covariance matrices. To comply with the requirements that the software generated 
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in this research be completely self-supporting, the IMSL and SLATECH libraries were 

removed and the OCM was fitted with comparable algorithms. The algorithms utilized by 

the present version of the OCM are based primarily on iterativehime-varying solutions and 

are therefore rather sluggish. The DISPLA library was, however, retained because the 

plotting packages supplied by NASA-LEWIS were supported by DISPLA. 

C.3. - Configuring the OCM 

The configuration of the OCM defines the vehicle under control, control objectives, and 

the pilot description. The principle operations involved in the configuration of the OCM 

pilot are summarized in the following: 

1. - Develop and insert the continuous time internal reference model of the vehicle 

under control into the OCM configuration file, OCM-LIST.NML. Appendix B illustrates 

the construction of the Hanier II AV-8B low speed/powered-lift, pilot frequency model that 

is supplied. Within the OCM-LIST.NML, the two dimensional arrays (FM,GM,HM) 

correspond to the state space representation matrices (A,B,C) or (F,G,H). Section C.7 of 

this appendix provides a listing of the primary variables used in the OCM. The model is 

dimensioned by the variables (NOCM,MOCM,LOCM) which correspond to the system 

order, number of inputs and outputs, respectively. The arrays, FM and GM, describe the 

vehicle dynamics while the measurement array, HM, is primarily dependent on the display 

configuration. The two dimensional array, WM, corresponds to the disturbance distribution 

mamx. The sampling period of the OCM execution (typically the sampling period of the 

simulation program) is selected and specified by the variable T1. This variable is primarily 
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for use in OCM applications that require execution at rates other that the fundamental 

frequency of the simulation environment. 

2. - Determine and code the time based command sequence of the desired trajectory. 

The trajectory generating code resides in OCM-TRAJ. The version of OCM-TRAJ that has 

been supplied provides a simple implementation of the rate driven command sequencer and 

the rate integratinghandlimiting full rank command generator. To use this strategy, a rate 

driven trajectory must be defined in the form of pulse trains on the appropriate rate 

commands. The pulse trains, in this case. are implemented by a sequence of "IF" 

statements creating a smng of step functions that are ovenidden by the step occupying the 

present interval. With the trajectory specified, the time constant of the forcing function 

bandlimiting filter is selected and specified by the variable AFORCE in the configuration 

file OCM-LIST.NML. This time constant typically ranges between 1.5 and 4.5 seconds 

[2]. A value of 2,5 seconds has been utilized in the implementation supplied. The user may 

wish to insert his own trajectory defining code or route the trajectory information to the 

OCM from some external process via this routine. It is important to note that modifications 

to the OCM-TRAJ routine will require that the OCM-TRAJ.FOR file be re-compiled and 

the total software system be re-linked. 

3. - The control objectives of the pilot's task is defined in the form of cost function 

weightings. The values utilized reflect the manner in which the pilot will respond to the 

given situation. The values will typically vary from task-to-task and from vehicle-to- 

vehicle. The cost function weights are loaded into the two dimensional arrays QOPT, 

ROPT, GOPT within OCM-LIST.NML. The array QOPT corresponds to the definition of 

the acceptable maximum deviations of the errors in vehicle attitude and orientation from that 
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of the trajectory. ROPT defines the maximum deflection of the cockpit control mechanisms 

and is usually a function of the vehicle (see section V.B.3.). The array GOPT is adjusted to 

obtain the desired muscular system time constants. This typically requires a degree of 

iterative adjustment. The values supplied in this version reflect a subjective analysis of the 

piloted flight data and a limited knowledge of the target configuration and control 

objectives. 

4. - The final step is the selection of the pilot's inherent parameters. The discrete nature 

of the OCM and the VSRA simulation environment requires that the pilot delay be 

implemented as a chain of sample delay periods arranged in a FIFO buffer. The length of 

the buffer is determined by the number of sample periods needed to achieve the delay. The 

variable NDEL of the OCM-LIST.NML file, specifies the number of sample 

periods/elements of the buffer, that the pilot delay occupies. The remnant model noise 

sources, observation and motor, are selected according to the control objectives, vehicle 

under control, and the display configurations. The arrays STVU and STVY correspond to 

the noise model variances, Q, and R,, of the motor and observation noises respectively. 

C.4. - Executing the OCM within the VSRA Simulation Environment 

Executing the OCM software within the VSRA is relatively simple. The OCM 

operations are broken into two separate functions: 1) Initialization and preparation of the 

OCM environment, 2) Execution of the VSRA with the OCM actively participating in the 

flight control loops. These operations are provided by two VSRA commands: 
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/SOCM - This command executes the software module OCM-SETUP. The OCM 

environment is configured and loaded into specific common regions. This I 

operation is typically performed after the vehicle has been trimmed with the 

TRIM command. The user may wish to modify the OCM-SETUP routine 

to create an external file of the pilot configurations instead of loading the 

common regions. The user will, however, have to provide the necessary file 

reading and common region loading facilities (possibly by an additional 

VSRA command). Upon the completion of this command, the pilot's 

parameters are displayed to the user. Again, the user may wish to modify 

the OCM-SETUP to have the pilot's parameters loaded into an external file. 

/ROCM - This command executes the primary simulation of the VSRA and enables 

the OCM operations. This command is tailored after the DYNC command 

with the exception that is utilizes the cockpit control mechanism deflections 

of the OCM instead of the dynamic check tests. This command can only be 

executed after the use of the TRIM and SOCM commands. It is important to 

note that the OCM is designed to operate with ONLY the AV-8B aircraft 

dynamics and not those of the YAV-8B. 

As mentioned previously, the algorithms utilized by the present version of the OCM 

software are based on iterativehime-varying solutions of the mamx Ricatti equation [27,28] 

(instead of the SLATECH RICSOL routine). This causes some complications in the 

techniques utilized to generate the optimal control gains, muscular system time constants. 

These are typically in the form of mal-and-error iterations of the OCM-SETUP operations 
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by using the command SOCM until the desired muscular system time constants are 

obtained. 

The overall operation of the OCM within the VSRA can be summarized as follows: 

1. - Configure the OCM environment by preparing the OCM-LIST file according to 

procedures of section C.3 of this appendix. The VSRA simulation environment is 

configured by preparing the NAMELIST.NML file. 

2. - Enter the VSRA simulation environment and issue the command SOCM. This will 

generate the OCM control and estimation gains and loads the specific common areas. The 

values of the pilot parameters are displayed upon completion. The user should examine the 

pilot parameters to determine if a satisfactory pilot profile has been obtained. If so, proceed 

to step 3, if not, exit the VSRA and modify the OCM-LIST file, then repeat step 2. 

3. - With the proper pilot parameters resident within the VSRA environment, the flight 

simulation may begin. The user issues the command ROCM and the VSRA proceeds to 

execute the simulation according to the NAMEL1ST.W file. The output of the VSRA is 

deposited in the unformatted data file VSRA-POLY.PLT. 

C.5. - Output Generated by the OCM 

The time based output sequence of the VSRA simulation is deposited in the unformatted 

data file VSRA-POLY.PLY. This file is generated by a modified version of the subroutine 

PLOTDATA.FOR. The modifications were made to accommodate the output of the OCM. 
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In addition to the OCM software that has been provided, a pair of unformatted data files 

containing the human piloted flight data (PITT15 1.DAT [lateral tracking maneuver] and 

PITl21O.DAT [vemcal tracking maneuver]) are also included. 

The data of the unformatted files can be plotted with the routine OCM-PLT.FOR. This 

routine is a modified version of the plotting package supplied by NASA-LEWIS and is 

based on the DISPLA library. This routine relies on the configuration file OCM-PLT.SRC 

to provide the necessary default plotting information. OCM-PLT.FOR permits the user to: 

1) plot the OCM output, 2) plot the piloted flight data (either lateral or vertical maneuvers), 

or 3) plot a comparison of both (as shown in OCM comparison plots). This routine can 

also be utilized to plot data from strictly DYNC runs. 

The plotting activities are arranged according to the cockpit control mechanisms and the 

dominant aircraft responses of those controls. These break-downs are given below: 

1) LonPitudinal Stick 

2) Lateral s h  'ck 

3) Rudder Pedals 

Pitch angle Pitch rate Longitudinal stick 

Roll angle Roll rate Lateral stick 

Lateral position Lateral velocity 

Yaw angle Yaw rate Rudder pedals 

Sideslip 
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4) Throttle Altitude Vemcalrate Throttle 

Engine speed 

5 )  Nozzle A n d c  Forward velocity Nozzle angle 

Forward position 

To execute the OCM plotting routine issue the following V M S  commands: 

$ FOR OCM-PLT.FOR 

$ LINK OCM-PLT,LIB:DISPLA/LIB 

$ RUN OCM-PLT 

The term LIB:DISPLA/LIB corresponds to the link search of the DISPLA library residing 

on device LIB:. This command will depend on the VMS configuration and file structure 

being used The routine will respond with the following question: 

PLOTS?? (Flight:O, OCM: 1, Both:2) > 

The user should select the appropriate data set to plot and give a numerical answer. If the 

user selects either 0 or 2, the routine will request the desired flight maneuver. 

Task??(Vert:O, Lat: 1)> 
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The routine will then request the control mechanism group to be plotted by: 

What kind of control input? 

1 = Longitudinal Stick 

2 = Lateral Stick 

3 = Rudder Pedals 

4 = Throttle 

5 = Nozzle 

Enter the appropriate number : > 

The routine will then read in the VSRA-POLY.PLT, PITTlSl.DAT, or PITT21O.DAT 

files and proceed to generate the appropriate plots. The plotted output of this routine will be 

a set of plot files that are in the Tektronix 4010 graphics format. 

C.6. - Examples of VSRA/OCM Execution 

As a conclusion to this overview of the OCM software, an example will now be 

presented. This example illustrates the configuration and execution of the OCM within the 

VSRA environment. The listings of the this interactive session was captured via terminal 

monitoring facilities. The maneuver in question is the vertical tracking maneuver. 

Vertical Tracking Maneuver Example 

The OCM-LIST.NML file for this maneuver is provided in the file OCM-LIST.VRT. 

The VSRA setup file is POOA.VRT. Both of these files must be copied to their operational 

names of OCM-LIST.NML and POOA.COM, respectively. 
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$ COPY OCM LIST.VRT OCM LIST.NML - - 
Copying USR5: [02350.PIZVSTOL.HARRIER.SPOOLl OCM-LIST.VRT;6 to USRS: [02350.MZVSTOL 
.HARRIER.SPOOLlOCM LIST.NML;131 3 blocks 
$ COPY POOA.VRT POOA.COM 
Copying USRS: [02350.rrZVSTOL.HARRIER.SPOOLl POOA. VRT;3 to USR5: [02350.HZVSTOL.HAR 
RIER.SPOOL1 POOA.COM;25 2 blocks 
$ RUN VSRA OCM - 

VAX DEBUG Version V5.0-00 MP 

DEBUG-I-INITIAL, language is FORTRAN, module set to VSRA-OCM 
DBG> @POOA 

WELCOME TO THE VSRA VAX SIMULATION PROGRAM 

Which aerodynamics would you like to use ? 

1 = AV-8B aerodynamics 
2 = YAV-8B aerodynamics 

Enter the appropriate number: 1 

ENTER ? ?  FOR COMMAND LIST 

VSRA, ? ?  

VSRA SIMULATION INTERACTIVE C0"D LIST: 

/TRIM 

/PRNT x 

/DATA 
/UDAT 
/ICRN XX 
/DYNC x 
/OPRN XX 
/MESS 
/CHNG 
/STAB 
/ FGTB 

/REST 
/CHGC 
/ SOCM 
/ROCM 
/END 
? ?  

/TRIM XX 

/SAVT 

RUN TRIM PROGRAX 
RUN TRIM PROGRAM FOR XX CYCLES 
TO PRINT COMMON BLOCKS: X=2 FOR XFLOAT COMMON BLOCK 

X=3 FOR USER COMMON BLOCKS 
X=4 FOR IFIXED COMMON BLOCK 

INPUT DATA TO XFLOAT AND IFLOAT FROM DATA FILE 
INPUT DATA TO USER COMMON BLOCKS FROM DATA FILE 
EXECUTE I.C. RUN FOR XX CYCLES 
RUN DYNAMIC CHECK - X>o PRINT HEADER AND DATA FOR X SECS 
TO EXECUTE RUN FOR XX SECONDS 
SEND MESSAGE TO PRINT OUTPUT FILE 
TO CHANGE COMMON BLOCK VARIABLE INTERACTIVELY 
TO COMPUTE STABILITY DERIVATIVES 
TO WRITE F 6 G MATRICES 
TO SAVE TRIM VALUES 
TO RESTORE TRIM VALUES 
TO CHANGE CONFIGURATION ID 
TO INITIALIZE AND SETUP THE OCM 
TO EXECUTE THE OCM WITHIN THE VSRA 
TO TERMINATE THE PROGRAM 
TO PRINT THIS LIST 
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I VSRA> /SOCM 

I 
I 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
* * 
* OCM SETUP * 
* * 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

DISCRETE TIME REPRESENTATION COMPLETED 
OPTIMAL CONTROL GENERATED 
KALHAN FILTER GENERATED 
TIME ADVANCE PREDICTOR GENERATED 

OCM SETUP COMPLETED 

PILOT PARAMETERS 

PILOT DELAY 0.20 

FORCING FUNCTION TIME CONSTANT 2.500 

MUSCULAR SYSTEM TIME CONSTANTS 
CONTROL MECHANISM 1 0.15929 
CONTROL MECHANISM 2 0.00000 
CONTROL MECHANISM 3 0.15389 
CONTROL MECHANISM 4 0.15397 
CONTROL MECHANISM 5 0.13471 

MOTOR NOISE VARIANCES 
CONTROL MECHANISM 1 1.00000 
CONTROL MECHANISM 2 1.00000 
CONTROL MECHANISM 3 20.00000 
CONTROL MECHANISM 4 0.50000 
CONTROL MECHANISM 5 0.50000 

OBSERVATION NOISE VARIANCES 
DISPLAYED VARIABLE 1 0.85000 
DISPLAYED VARIABLE 2 0.60000 
DISPLAYED VARIABLE 3 1.00000 
DISPLAYED VARIABLE 4 0.71000 
DISPLAYED VARIABLE 5 0.85000 
DISPLAYED VARIABLE 6 0.60000 
DISPLAYED VARIABLE 7 1.00000 
DISPLAYED VARIABLE 8 0.71000 
DISPLAYED VARIABLE 9 1.00~00 
DISPLAYED VARIABLE 10 0.71000 
DISPLAYED VARIABLE 11 0.85000 
DISPLAYED VARIABLE 12 0.60000 
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VSRA> /TRIM 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
* * 
* TRIM MODE * 
* * 
.............................. 

TRIM IS SUCCESSFUL AFTER 205 CYCLES 
VSRA> /ROCH 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
* * 
* OCM EXECUTION * 
* * 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

VSRA> /END 
VSRA SIMULATION COMPLETED SUCCESSFULLY 
%DEBUG-I-EXITSTATUS, is 'XSYSTEM-S-NORMAL, normal successful completion' 
DBG> EXIT 
$ DIR *.PLT 
Directory USRS: [02350.HZVSTOL.HARRIER. SPOOL] 

SMARTHIS.PLT; 1 TRIMiIS.PLT;l VSRA-POLY.PLT;l 

Total of 3 files. 
$ 
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C.7. - Listing of the OCM variables 

The OCM data structure has been implemented with the user in mind. No high 

performance array declaration or common area structures have been constructed. This will 

allow the user to best tailor the OCM environment to his application. The following list 

defines the primary variables utilized within the OCM. 

INTEGERS 
NOCM - Dimension of the OCM's internal reference model of the system under 

control. 

MOCM 

LOCM 

- Number of cockpit control mechanisms (inputs). 

- Number of displayed variables (system displays). 

NDEL - Number of simulation sample periods per pilot delay 

REAL*8 
T1 

X(*> - System state vector. 

U(*) 

FM(*,*> 

GM(*,*> 

HM(*,*) 

WM(*,*) - Disturbance distribution matrix 

- Sampling period of the OCM execution in seconds. 

- Vector of cockpit control mechanisms 

- System matrix of the internal reference model. 

- Input distribution mamx of the internal reference model. 

- Measurement mamx of the internal reference model 

PHIM(*,*) 

GMA(*,*) 

W*) 
W*) - Desired control vector. 

UCKDZ(*,*) - FIFO buffer for the control input delay. 

- Discrete time system matrix 

- Discrete time input distribution matrix 

- Initial conditions of the cockpit control mechanisms. 
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Y KDZ( *,*) 

QopT(* 9 *) 

ROPT(*,*) 

GOPT(*,*) 

KOPT(*,*) 

POPT( *, *) 
PMOPT(*,*) 

PHIO(*,*) 

GMAO( *, *) 

- FIFO buffer for the system output delay. 

- Cost function weights for the system states 

- Cost function weights for the control inputs 

- Cost function weights for the control rates. 

- Optimal control gain state feedback mamx 

- Update matrix of the optimal control gain generator 

- Measurement update matrix of the optimal control gain generator 

- Augmented system mamx for the solution of the optimal control gains. 

- Augmented input distribution maaix for the solution of the optimal control 
gains. 

- Augmented cost function state weighting matrix for the solution of the 
optimal control gains. 

- Variances of the motor noise sources. 

- Variances of the observation noise sources. 

- Covariance mamx of the motor noises. 

- Covariance mamx of the motor noises. 

- Covariance mamx of the time-varying Kalman filter solution 

- Measurement covariance matrix of the time-varying Kalman filter solution 

- Full rank optimal control gain mapix 

GMAKOO(*,*) 

GMAK10(* ,*) 

K1(*,*) 

Hl(*,*j 

PHIl(*,*) 

GMAl(*,*) 

- State feedback optimal control gains 

- Muscular system optimal control gains (time constants) 

- Kalman filter output error correction gain matrix 

- Augmented measurement matrix for the solution of the Kalman filter 
gains. 

- Augmented system mamx for the solution of the Kalman filter gains. 

- Augmented input distribution mamx for the solution of the Kalman filter 
gains. 
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QU*,*) 

XI(*) 

XlMINUS(*) - Update estimate of the augmented state vector of the Kalman filter. 

- Augmented noise model covariance matrix for the solution of the Kalman 
filter gains. 

- Augmented estimate of the state vector from the Kalman filter. 

FMl(*,*) 

ARl(*,*) 

BR 1 (*,*) 

AFORE 

XR2(*,*) 

AR2( *,*) 

BR2( *,*) 

XR3(*,*) 

IDNT( *, *) 
NULL( *,*) 

W(*,*) 

W1(*,*) 

W2(*,*) 

WNV( *,*) 

- Augmented continuous time system matrix for the generation of the state 
transition matrix of the least-squared predictor. 

- State transition mamx of the least-squared predictor. 

- FIFO buffer for the state estimate delay. 

- Time advanced prediction of the system augmented state 

- Predicted state estimate 

- Trajectory reference state vector. 

- Delayed trajectory reference state vector 

- State vector of the bandlimiting filters of the trajectory generators 

- System mamx of the bandlimiting filters 

- Input dismbution matrix of the bandlimiting filters 

- Time constant of the forcing function bandlimiting filter 

- State vector of the integrated and distributed command sequence 

- System matrix of the command sequence integrator 

- Input distribution matrix of the command sequence integrator 

- State vector of the rate command sequence 

- Utility identity matrix 

- Utility zero matrix. 

- Working array 

- Working array 

- Working array 

- Working inversion array 
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Figure LA.- 1 - Block Diagram of the closed loop piloted control structure 
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Figure II.-1. - Block diagram of the basic human controller characteristics 
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Figure II.A.-l. - Block diagram of the internal structure of the McRuer-Krendel model 
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Figure 1I.B.-1. - Simple block diagram of the OCM within a control environment. 
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Figure 1II.B. 1.-1. - A block diagram of the separation of the primary and secondary 
response characteristics associated with the &coupled transfer function models. 
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Figure III.B.2.-1. - Control loop closing strategy for the design of single variable pilot 
mechanisms 
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Figure III.B.2.-2. - Illustration of the destabilizing distortions associated with a delay 
RWt-Locus 

N - !(I 
APPROXIMATED 
ASYMPTOTE t '" 

Figure III.B.2.-3. - Illustration of a delay approximation using a large pole set 
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Figure III.B.3.-1. - Multi-variable control structure for the insertion of the McRuer- 
Krendel pilot models 
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Figure III.B.3.-2. - Multi-variable control structure for executing simple flight control 
maneuvers. 
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Figure 1V.A.-1. - Flight envelope! of the Harrier II AV-8B. 
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NOZZLE J E T  VECTOR 
REDIRECTION 

Figure W.A. 1.-1.  - Illustration of the modification of the engine thrust vector due to a 
reduction in nozzle angle during low speed/powered-lift activities 

T 

’il L1 

CHANGE IN NOZZLE J E T  
VECTOR !iAGNITUDE 

Figure IV.A.l.-2. - Illustration of the modification of the engine thrust vector due to an 
increase in engine speed during low speed/powered-lift activities 
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a\- 

Figure W.A. 1 .-3 - Illustration of the rotational motion due to the operation of the 
forward RCS jet from the backward deflection of the longitudinal stick during low 

speedpowered-lift activities. 

ROTATIONAL MOTION 

Figure 1V.A. 1.-4. - Illustration of the rotational motion due to the operation of the 
wing-tip RCS jets from the deflection of the lateral stick during low speed/powered-lift 

activities 
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Figure N . A .  1 .-5. - Illustration of the rotational motion due to the operation of the tail- 
end RCS jet from the deflection of the rudder pedals during low speed/powered-lift 

activities 

Figure V.A.1.-1. - Root-Locus of the pitch control pilot mechanism 
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Figure V.B.l.-1. - Illustration of the target orientation and vehicle motion during the 
Vertical Tracking Hover maneuver 

Figure V.B.l.-2. - Illustration of the target orientation and vehicle motion during the 
Lateral Tracking Hover maneuver 
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Figure V.B.4.-1. - Diagram of a trajectory reference generator for the pitch angle 
components driven by a pitch rate command sequence. 
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+ 
Figure V.B.4.-2. - Vertical rate and yaw rate command sequence for the vemcal 

tracking maneuver. 
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t LATERAL VELOCITY 
COMMAND 

Figure V.B.4.-3. - Lateral velocity command sequence for the lateral tracking maneuver 

Figure A. 1. -1. - Block diagram of the internal structure of the OCM 
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Figure C.l. - 1. - Block diagram of the software modules and configuration files of the 
OCM simulation environment. 
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TABLE LISTING 

.Longitudinal position. 

Forward velocity 

Pitch angle 

Pitch rate 

Altitude 

Vertical rate 

Roll angle 

Roll rate 

Yaw angle 

Yaw rate 

Lateral position 

Lateral velocity - 

Table W.A.3.-1 - List of the state vector variables for the high order Harrier model. 

I 
I 

I 
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"1 
I '*1 

4 

1 Longitudinal stick position (inches) 

Nozzle angle control position (degrees) 

Power levellthrottle position (percent) 

Lateral stick position (inches) 

Rudder pedal position (inches) 

Table IV.A.3.-2. - List of the control vector variables for the high order Harrier model. 

l v  
I 

20 

40 

60 

80 

1 0 0  

we 

(radshec) 

4.7 

4.9 

5.1 

5.4 

5.7 

0.28 

0.19 

0.14 

0.10 

0.07 

0.04 1 

0.045 

0.05 1 

0.049 

0.048 

2.32 

2.59 

2.91 

2.83 

2.77 

Table IV.B.1.-1. - Transfer function parameters for the pitch response of the Black 
Hawk. 
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I 
I 

I 
I 

i v  

1 (knots) 
I 

20 

40 

60 

80 

100 

K ALT 

feet 
(-) 

6.6 

7.0 

7 .O 

7.3 

7.5 

1 

a~~~ I 

(set)-' 

---__ - -- 

0.30 I 
I 

0.45 1 
i 

I 
i 

i 

I 
0.50 1 

0.50 1 

i 
f 

i 0.50 1 

Table W.B. 1.-2. - Transfer function parameters for the altitude response components 
of the Black Hawk. 

I 
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I 
I 
I 

I----- 
Pilot Mechanism K r--- 

! Altitude Control 

I 
i 

Vertical Rate Control 

I 
j Velocity Control 

Roll Control 

Lateral Velocity Control 

Heading Control 

. Yaw Rate Control 

Sideslip Regulation 

I 
I in 

36. (E) 1 
I 

-14. (*)I knot-sec 

2'9 (deg-sec in ) i  1 
in 

1.1 (feetl I 
I 

in 
58-  (deg' 

in ' 

-32* (deg-sec 

I 

i 
0.8 3.0 

0.8 , 0.0 

0.0 0.0 

3.6 8.0 
! 

0.8 6.0 j 

I 

0.8 20. I 

i 
0.8 0.0 ' 

I 

I 

I 
1 

0.8 20. 1 

I 
I 

Table V.A.l.-1. - Parameter list of the additional Harrier pilot mechanisms. 

I 
I 
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I 
I 
I 
I 
I 
I 

---- - 

’ 20 

40 

60 

80 

1 0 0  
I 

1.31 

I 

, 1.48 
! 

1.53 

t 2.07 

1.82 

Table V.A.l.-2. - Parameters of the pitch control pilot of the Black Hawk 
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20 , 5.77 

40 

60 

80 

100 

5.68 

4.97 

5.07 

A = 0.8 (sec)-l 

B = 5.5 (sec)-l 

Table V.A. 1.-3. - Parameters of the altitude control pilot for the Black Hawk 
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A = 0.8 (sec)-1 

B = 0.0 (sec)-1 

' 20 1.82 

* 40 1.74 ! 
i 

60 1.43 

I 80 1.51 

1 100 1.57 j 
! --.-i: 

Table V.A.1.-4. - Parameters of the altitude rate control pilot for the Black Hawk 



V 

(knots) 

20 

40 

60 

80 

LOO 
I 

0.57 

0.57 

0.68 

0.68 

0.68 

A = 0.8 (sec)-l 

B = 0.0 (sec)-l 

Table V.A. 1.-5. - Parameters of the roll angle control pilot for the Black Hawk 
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1 
I ‘ p - p  . . 

r B  

20 0.63 

40 0.60 

60 0.43 

80 0.5 1 

100 0.65 

2.0 . 
! 
I 

1.4 j 

0.8 1 
0.8 

I 
! 
i 0.8 I 

1.5 

0.75 

0.0 

0.0 

0.0 

1 
I 

I 

i 

! 
, 

i 
! 
1 
I 

Table V.A. 1.-6. - Parameters of the heading control pilot for the Black Hawk 
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I I i 
~ 20 

j 40 

, 
i 6 0  : 

j 80 
8 j 
I 

I 

j 100 i 
! 

-0.25 

-0.45 

-0.55 

-0.55 

-0.55 

! 

A = 0.8 (sec)-l 

B = 0.0 (sec)-l 

Table V.A.l.-7. - Parameters of the Sideslip regulation pilot of the Black Hawk 
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Throttle Nozzle 
Angle 

Altitude 
Control 
Pilot 

Velocity 
Control 
Pilot 

Altitude 
Con t ro I 
Pilot 

Velocity 
Control 
Pilot 

Altitude 
Control 
Pilot 

Velocity 
Control 
Pilot 

AI ti tude 
Con t rot 
Pilot 

Altitude 
Rate 
Pilot 

Velocity 
Control 
Pilot 

Velocity 
Control 
Pilot 

Altitude 
Control 
Pilot 

Altitude 
Control 
Pilot 

Velocity 
Control 
Pilot 

Velocity 
Control 
Pilot 

Longitudinal 
Stick 

Lateral 
Stick 

Rudder 
Pedals 

Pitch 
Control 
Pilot 

Roll 
Control 
Pilot 

Heading 
Control 
Pilot 

Pitch 
Reorientation 

Pitch 
Control 
Pilot 

Roll 
Control 
Pilot 

Heading 
Control 
Pilot 

Velocity 
Translation I 

I Pitch 
Control 
Pilot 

Roll 
Control 
Pilot 

Heading 
Con t ro I 
Pilot 

Altitude 
Translation 

Pitch 
Control 
Pilot 

Roll 
Control 
Pilot 

Heading 
Control 
Pilot 

Heading 
Modification 

Pitch 
Control 
Pilot 

Roll 
Control 
Pilot 

Heading 
Control 
Pilot 

Altitude Rate 
Translation 

Pitch 
Control 
Pilot 

Roll  
Control 
Pilot 

Yaw Rate 
Control 
Pilot 

Flat Turn 

Pitch 
Control 
Pilot 

Roll 
Control 
Pilot 

Sideslip 
Regulation 
Pilot 

Coordinated 
Turn 

Table V.A.2.-1. - Table of various flight control maneuvers 
and their associated configurations of 
Harrier SVPMs. 
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I 
f 
I 
1 
I 

Long it udinal Later a1 Rudder 
Cyclic Cyclic Pedals 

maneuver Stick Stick 

Pitch Roll Heading 
Control Control Control 
Pilot Pilot Pilot 

Pitch Roll Heading 
Control Control Control 
Pilot Pilot Pilot 

Pitch Roll Heading 
Heading Control Control Control 

Pilot Pilot Pilot Modification 

Pitch Roll Heading 
Altitude Rate Control Control Con t ro I 
Translation Pilot Pilot Pilot 

Coordinated 
Turn 

Pitch 
Reorientation 

Altitude 
Translation 

Pitch Roll Sideslip 
Control 
Pilot Pilot Pilot 

Control Regulation 

Collective 
Stick 

Altitude 
Control 
Pilot 

Altitude 
Control 
Pilot 

Altitude 
Control 
Pilot 

Altitude 
Rate 
Pilot 

Altitude 
Control 
Pilot 

Table V.A.2.-2. - Table of various flight control maneuvers 
and their associated configurations of 

Black Hawk SVPMs. 



S 
IC 
/--- 

__-_.- 

Pitch (e,) 

Roll (QC) 

Heading (vc) 

Altitude 

Velocity 
_ _  - _- _ L .  . - 

, . - . .  ”. . _ _ _  ,- 

TRIMMED 

.. . 

7.3 degrees 

0.0 degrees 

I 
COMMAND I 

! . - -  - .  . . -1 

17.3 degrees 

0.0 degrees 

0.0 degrees 0.0 degrees 

100 feet 100 feet 

10 knots 10 knots 
! 

Table V.A.3.-1. - Pitch reorientation command sequence for the multi-variable Harrier 
pilot. 
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I 6.5 degrees ! 
I 1 

: Pitch (e,) I 6.5 degrees 

--- - --- 
I 

VARIABLE 

i 

1 Pitch (e,) 6.5 degrees 

I 

Roll ($c> 0.0 degrees 1 0.0degrees 

Heading (vc) 0.0 degrees ! 0.0 degrees 

I 
i 

L 

Altitude I 1 0 0  feet ! 100 feet , 
i 

Velocity 

I i I 
; 

25 knots 
i 

20 knots i 

Table V.A.3.-2. - Velocity translation command sequence for the multi-variable Hanier 
pilot. 
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-..I^ . r TRIMMED 

Pitch (0,) 

1 
I 

i 2.8degrees 

Sideslip (pc> I 0.0 degrees 
I 

4 Altitude , 200 feet 

f 

1 
I 

I COMMAND 
i 
I 

2.8 degrees 

20.0 degrees 

0.0 degrees 

200 feet 

Table V.A.3.-3. - Coordinated turn command sequence for the multi-variable Black 
Hawk pilot 

I 
I 

5. 3.5 3.5 

Table V.B.3.-1. - Cost function weights of the OCM for the vertical tracking maneuver 
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I-- - - - T" - - 

I 

Table V.B.3.-2. - Cost function weights of the OCM for the lateral tracking maneuver 
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Table V.B.4.-1. - Trimmed values of the Harrier simulation environment for the 
vertical tracking precision hover maneuver. 

w 
i (degrees) i (degrees) (degrees) 

6.5 0.0 , ! 0.0 
-1 

ALT 

(feet) 

55 

-____ - . 

Airspeed 

(knots) 

1 .o 
_- . 

Table V.B.4.-2. - Trimmed values of the Harrier simulation environment for the lateral 
tracking precision hover maneuver. 
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Plot IV.A.2.-2. - Roll rate response of the Harrier AV-8B due to a unit impulse 

deflection of the lateral stick in a near hover 
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Plot lV.A.3.-1. - Long term pitch rate response of the Harrier AV-8B due to a unit 
impulse deflection of the longitudinal stick at 10 knots 
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Plot 1V.B. 1.-1. - Pitch rate response of the Black Hawk UH-60A due to an impulse of 
the longitudinal cyclic stick at 60 knots. 
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Plot 1V.B. 1.-2. - Pitch rate response of the Black Hawk UH-60A due to an impulse of 
the longitudinal cyclic stick at 100 knots. 
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Plot 1V.B. 1 .-3. - Roll rate frequency response of the Black Hawk UH-60A due to the 
operation of the lateral cyclic stick at 80 knots. 
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Plot W.B. 1 .-4. - Altitude rate response of the Black Hawk UH-60A due to a step of 
the main rotor collective stick at 60 knots. 
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Plot V.A.3.-1. - Pitch angle response during a pitch reorientation maneuver by a multi- 
variable McRuer-Krendel pilot inserted in the Harrier AV-8B 
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Plot V.A.3.-2. - Longitudinal stick response of a multi-variable McRuer-Krendel pilot 
during a pitch reorientation maneuver in the Harrier AV-8B 
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Plot V.A.3.-4. - Nozzle angle response of a multi-variable McRuer-Krendel pilot 
during a pitch reorientation maneuver in the Harrier AV-8B 
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Plot V.A.3.-5. - Altitude response during a pitch reorientation maneuver by a multi- 
variable McRuer-Krendel pilot inserted in the Harrier AV-8B 
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Plot V.A.3.-6. - Throttle response of a multi-variable McRuer-Krendel pilot during a 
pitch reorientation maneuver in the Harrier AV-8B 
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Plot V.A.3.-7. - Forward velocity response during a velocity translation maneuver by a 
multi-variable McRuer-Krendel pilot inserted in the Harrier AV-8B 
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during a velocity translation maneuver in the Harrier AV-8B 
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Plot V.A.3.-9. - Pitch angle response during a velocity translation maneuver by a multi- 
variable McRuer-Krendel pilot inserted in the Harrier AV-8B 
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Plot V.A.3.-10. - Longitudinal stick response of a multi-variable McRuer-Krendel pilot 
during a velocity translation maneuver in the Harrier AV-8B 
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Plot V.A.3.-11. - Altitude response during a velocity translation maneuver by a multi- 
variable McRuer-Krendel pilot inserted in the Harrier AV-8B 
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Plot V.A.3.-12. - Throttle response of a multi-variable McRuer-Krendel pilot during a 
velocity translation maneuver in the Harrier AV-8B 
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Plot V.A.3.-13. - Roll angle response during a coordinated turn maneuver by a multi- 
variable McRuer-Krendel pilot inserted in the Black Hawk UH-60A 
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Plot V.A.3.-14. - Yaw angle response during a coordinated turn maneuver by a multi- 
variable McRuer-Krendel pilot inserted in the Black Hawk UH-6OA 
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Plot V.A.3.-15. - Sideslip angle response during a coordinated turn maneuver by a 
multi-variable McRuer-Krendel pilot inserted in the Black Hawk UH-60A 
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Plot V.A.3.-16. - Altitude response during a coordinated turn maneuver by a multi- 
variable McRuer-Krendel pilot inserted in the Black Hawk UH-6OA 
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Plot V.A.3.-17. - Pitch angle response during a coordinated turn maneuver by a multi- 
variable McRuer-Krendel pilot inserted in the Black Hawk UH-60A 
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Plot V.B.4.-1. - Heading response comparison of the OCM pilot and piloted flight data 
during the vertical tracking maneuver. 
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Plot V.B.4.-2. - Rudder pedal deflection response comparison of the OCM pilot and 
piloted flight data during the vertical tracking maneuver. 
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Plot V.B.4.-3. - Altitude response comparison of the OCM pilot and piloted flight data 
during the vertical tracking maneuver. 

170 



7.5 

5.0 4 
2.5 

0.0 

-2.5 

0.0 25.0 50.0 75.0 100 .o 1 
TIME [SECI 

Plot V.B.4.-4. - Vertical rate response comparison of the OCM pilot and piloted flight 
data during the vertical tracking maneuver. 
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Plot V.B.4.-5. - Throttle deflection response comparison of the OCM pilot and piloted 
flight data during the vertical tracking maneuver. 
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Plot V.B.4.-7. - Pitch angle response comparison of the OCM pilot and piloted flight 
data durine the vertical tracking maneuver. 

172 



1 m 0  

0.0 

-1 .o 

-2.0 

-3.0 
0,o 25.0 50.0 75.0 100 a 0  1; 5.0 

TIME [SECI 
Plot V.B.4.-8. - Longitudinal stick operation comparison of the OCM pilot and piloted 

flight data during the vertical tracking maneuver. 
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Plot V.B.4.-9. - Airspeed response comparison of the OCM pilot and piloted flight data 
during the vertical tracking maneuver. 
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Plot V.B.4.-10. - Longitudinal position comparison of the OCM pilot and piloted flight 
data during the vertical tracking maneuver. 

4.0 

2.0 

0.0 

-2.0 

-4.0 1 1 1 1  I I I 1  1 1 1 1  1 1 1 ,  1 1 1 1  

0.0 25.0 50.0 75.0 100.0 1; 
TIME [SECI  

5.0 

Plot V.B.4.-11. - Roll angle response comparison of the OCM pilot and piloted flight 
data during the vertical tracking maneuver. 
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Plot V.B.4.-12. - Lateral stick operation comparison of the OCM pilot and piloted flight 
data during the vertical tracking maneuver. 
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Plot V.B.4.-13. - Lateral position response comparison of the OCM pilot and piloted 

flight data during the lateral tracking maneuver. 
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Plot V.B.4.-14. - Lateral velocity response comparison of the OCM pilot and piloted 

flight data during the lateral tracking maneuver. 
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Plot V.B.4.-15. - Roll angle response comparison of the OCM pilot and piloted flight 
data during the lateral tracking maneuver. 
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Plot V.B.4.-16. - Lateral stick operation comparison of the OCM pilot and piloted flight 

data during the lateral tracking maneuver. 
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Plot V.B.4.-17. - Heading angle response comparison of the OCM pilot and piloted 

flight data during the lateral tracking maneuver. 
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Plot V.B.4.-18. - Rudder pedal operation comparison of the OCM pilot and piloted 

flight data during the lateral tracking maneuver. 
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Plot V.B.4.-19. - Pitch angle response comparison of the OCM pilot and piloted flight 
data during the lateral tracking maneuver. 
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Plot V.B.4.-20. - Longitudinal stick operation comparison of the OCM pilot and piloted 
flight data during the lateral tracking maneuver. 
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Plot B.l.-1. - Forward velocity response of the Harrier AV-8B due to a 10 percent 
Dositive imDulse of the throttle. 
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Plot B.l.-2. - Forward velocity response of the Harrier AV-8B due to a 1 inch impulse 

on the longitudinal stick while in a near hover. 
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Plot B. 1.-3. - Short period xesponse of the Harrier AV-8B forward velocity due to an 

impulse of the lateral stick. 
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Plot B. 1.-4. - Short period response of the Harrier AV-8B forward velocity due to an 

impulse of the rudder pedals. 
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Plot B.l.-5. - Simulation model pitch rate response of the Harrier AV-8B due to a 10 

percent impulse of the throttle. 
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Plot B. 1 .-6. - Simulation model pitch rate response of the Harrier AV-8B due to a 5 

degret impulse of the nozzle angle. 
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Plot B.l.-7. - Short period response of the Harrier AV-8B pitch rate due to an impulse 
of the lateral stick. 
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Plot B.l.-8. - Short period response of the Harrier AV-8B pitch rate due to an impulse 
of the rudder pedals. 
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Plot B. 1 .-9. - Simulation model vertical rate response of the Harrier AV-8B due to a 1 

inch impulse of the longitudinal stick. 
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Plot B. 1.- 1 1. - Short period response of the Harrier AV-8B vertical rate due to an 

impulse of the lateral stick. 
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Plot B.l.-12. - Short period response of the Harrier AV-8B vertical rate due to an 
impulse of the rudder pedals. 
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Plot B.l.-13. - Pitch rate response of the Harrier AV-8B due to an impulse of the 

longitudinal stick at a near hover. 
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Plot B. 1.-15. - Lateral acceleration of the Harrier AV-8B simulation model program 
due to the roll angle of Plot B. 1 .- 16. 
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Plot B.l.-16. - Roll angle perturbation of the Harrier AV-8B due to an impulse of the 
lateral stick 
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Plot B.l.-17. - Lateral acceleration of the Harrier AV-8B due to an impulse of the 
rudder pedals . 
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Plot B.l.-18. - Yaw rate response of the Harrier AV-8B due to an impulse of the 
rudder pedalsh a near hover. 
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Plot B.2.-1. - Short period dynamics of the Harrier AV-8B pitch rate response due to 
an impulse of the longitudinal stick in a near hover. 
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Plot B.2.-2. - Short period dynamics of the Harrier AV-8B forward velocity due to a 5 
degree impulse of the nozzle angle at a near hover. 
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Plot B.2.-3. - Short period response of the Harrier AV-8B vertical rate due to an 
impulse of the throttle at a near hover. 
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Plot B.2.-4. - Short period response of the Harrier AV-8B engine speed due to an 
impulse of the throttle. 
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Plot B.2.-5. - Short period dynamics of the Harrier AV-8B 
of the lateral stick at a near hover. 
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Plot B.2.-6. - Short period dynamics of the Harrier AV-8B yaw rate due to an impulse 
of the lateral stick at a near hover. 
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Plot B.2.-7. - Short period response of the Harrier AV-8B yaw rate due to an impulse 

of the rudder pedals at a near hover. 
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of the rudder pedals at a near hover. 
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AN ADAPTIVE HUMAN RESPONSE MECHANISM CONTROLLING THE V/STOL 

AIRCRAFT 

Senol KUCUK, M.S. 

University of Pittsburgh 

Importance of the role of human operator in control systems has lead to the 

particular area of manual control theory. Human describing functions have been 

developed to model human behavior for manual control studies to take advantage of the 

successful and safe human operations. Although adaptivity of the complex human 

mechanism is known to occur, no complete human response model can simulate this 

while actively participating in a manual control task. Single or multi-variable models, as 

well as optimal control models are available but require the knowledge of the controlled 

element dynamics. Here, we present a single variable approach that can be extended for 

multi-variable tasks where a low order human response model is used together with its 

rules, to adapt the model on-line, being capable of responding to the changes in the 

controlled element dynamics. 

... 
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Basic control theory concepts are used to combine the model, constrained with the 

physical observations, particularly, for the case of aircraft control. Pilot experience is 

represented as the initial model parameters. An adaptive root-locus method is presented 

as the adaptation law of the model where the closed loop bandwidth of the system is to be 

preserved in a stable manner with the adjustments of the pilot model Parameters. Pilot 

operating regions are taken from case studies of pilot handling qualities which relate the 

latter to the closed loop bandwidth and damping of the closed loop pilot-aircraft 

combination. Pilot limitations are characterized by the amount of force to be exerted on 

the controls by the pilot model. A Kalman filter parameter estimator is presented as the 

controlled element identifier of the adaptive model where any discrepancies of the open 

loop dynamics from the predicted one, are sensed to be compensated. The model is 

simulated in a non-linear aircraft simulation environment under different scenarios where 

it is subjected to perform simple maneuvers over a thrust vectored V/STOL aircraft. 
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Adaptive human model 

Human pilot 

K h a n  filter 

Manual control 

Root locus 

Human describing function 

Human response 

Man-machine systems 

Parameter estimation 
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1.0 INTRODUCTION 

Man-machine systems have been an important research area in recent years. 

Among these is the modelling of non-linear human behavior under different 

circumstances, especially in closing the loop of a control system. The latter is of great 

significance to control engineers and designers because it enables the possibility of 

digital or analog computer simulations of the complex human mechanism to perform 

certain tasks. Although it may not be possible or even not desirable to eliminate the 

human component in most control systems, it certainly is worth while to obtain 

mathematical models describing the relationship between man and machine where his 

presence can make a system self-optimizing. His ability to learn and adjust so as to adapt 

to the environment suggests that human study himself. In other words, it is "human 

modelling of human behavior". We will discuss the human pilot-aircraft combination, in 

that respect. 

1.1 The Human Pilot 

The mathematical analysis of two different aircraft may differ in general. For the 

pilot, however, aircraft and their control systems are deliberately designed so that there 

are only minor differences. After a short training period which involves mal-and-error, 

the human pilot can fly either of the aircraft. Both aircraft obey the same equations of 

motion, and since the pilot is the same, one analysis can be applicable to the other. 

Indeed, pilot opinion is an impomt  issue in the design and testing of a new aircraft. 

This is because of the close relationship between what the pilot considers a "flyable" 

aircraft and the small  perturbation analysis of the dynamics of the aircraft. 
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The pilot flies the alrplane by the feedback method. He senses by sight or feels by 

"the seat of the pants" the motion of the aircraft, and moves the controls so as to 

minimize the error difference between the actual and some desired motion. In other 

words, the pilot responds to the motion of the aircraft, perceived by the sense organs, 

both directly and indirectly through the flight instruments such as the altimeter, 

speedometer, etc. He has other cues, the more the better, but they should all be in perfect 

harmony, and not contradictory. 

The efficiency of the controls depends on the relation between the dynamic 

characteristics of the airframe and those of the control system, particularly on the length 

of any time lags. A certain interval of time elapses between the instant a disturbance 

appears and the instant the corresponding control movement or force becomes active as a 

result of the control applied. During this short interval, another signal can not take effect. 

This appears to be the basic non-continuity of the sensation response activity. This time 

delay plays an important role in the stability of the closed loop system since any stable 

system can be made unstable by introducing sufficient time delay into the loop. The pilot 

is then required to adjust his gain to produce the optimum response consistent with the 

stability within his human limitations. We can summarize the processes occurring in th is  

interval in the following sequence: (see Figure (1)) 

1. Sensing of the disturbance or the controlled element by the pilot, 

2. Response of the pilot which includes the computing element, selecting the 
variables that will be acted upon, choosing the controls considered to be the 
most efficient as well as the manner in which they will be acted upon, (the 
computing element consists in comparing the signal at the input with the 
known potentialities of the controls of the machine and the experience of 
the pilot) 

3. The muscular movement of the pilot, 

4. Further transmission of the controls through the respective control system 
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and the transition process until a steady state is reached; at this stage mode 
switching of the pilot from dynamic operator to static takes place. 
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Figure 1. Processes occurring in the manual pilot control 

This is a negative feedback control, where the controller (pilot), must close the 

loop according to some desired, overall behavior. Therefore, we will use the term, pilot 

"closes the loop", for this process. Furthermore, this behavior can be related to the 

bandwidth and damping ratio of the closed loop system. Kok (1961) has studied the 

handling qualities and described a typical pilot in terms of the undamped natural 

frequency and the damping ratio, while rating them as "best", "good", "fair" and "poor" 

(see Figure (2)). Ashley (1972), reproduces Kok's results in his small perturbation 

stability and response analysis. The 6 in the range, 0.5-0.8, and on in the range, 3-4 

rad/sec, retain considerable validity today as a basis for preliminary determination of 

what constitutes a good pilot or equivalently good-flying airplane. Etkin (1972), also has 
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a similar analysis. Thus, Kolk’s chart will be our main design consideration. Judgements 

on simulating pilot model effectiveness will be done by comparison with the desired 

ranges. 

I 

rmctm d u m e *  6 m w  

Figure 2. Kolk’s chart on closed loop pilot characteristics 

There is also an element of the control system, whose response characteristics vary 

not only from person to person, but also in the same individual according to his degree of 

fatigue, psychological and physiological condition which will later be referred to as the 

remnant. Unlike the automatic pilot, where the equations of motion for the control 

system are known with sufficient accuracy, it is not possible to permit the description of 

the control system by means of dynamic equations. 
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A human pilot reasons on the basis of the total information received but not 

necessarily simultaneously, about the controlled variable, relying on his flying 

experience. The processing of the infomation may not be instantaneous, moreover some 

information may not be used at all. In this respect, the possibilities of the computing 

element of the automatic pilot are inevitably more limited. In the case of the automatic 

pilot, by its detecting instruments (sensors, on-line computers, estimators, etc.) certain 

input signals, representing the well-defined components of the motion, should cause the 

autopilot to react. Under all circumstances, an automatic pilot watches only certain 

selected components of motion. 

Many of the pilot's impression's of an airplane's flying qualities are related to the 

forces he must exert on the controls to hold them in the positions required to trim the 

airplane. If they are too large, he will be called upon to supply unreasonable exemon. If 

they are too small, the airplane may seem too sensitive or "touchy" or insufficient margin 

of stability may be indicated. In general, a pilot's flying qualities can be divided into two 

parts: static and dynamic responses. Static characteristics involve mainly the 

relationships between control deflection and force to trim the aircraft in steady 

equilibrium flight conditions of various sorts. This is the case of unaccelareted flight 

where a pilot responds mostly to disturbances. If these relgtions are regular and familiar, 

the control lever position and force provide the pilot with an immediate sense of the 

aircraft state, (angle of attack, sideslip, or speed). Proper static characteristics are 

prerequisite to good dynamic response. 

Dynamic response, refers to the character of aircraft motions following 

disturbances from equilibrium. They may be atmospheric gusts, control movements to 

re-adjust the angular positioning, speed or the altitude of the vehicle, or any other events 
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producing unbalanced force or moments in general resulting in linear and angular 

acceleration. The airplane responds to these in characteristic ways, which define its 

dynamics, and which greatly affect a pilot’s ability to fly easily and with precision. 

The pilot is more or less concerned with the behavior of some of the many 

responses of the aircraft (pitch, roll, yaw, rates, speed, altitude, etc.), seeking to maintain 

them within certain limits or to cancel them by adequate control movements, which will 

be referred to as the controlled or the constrained variables. Hacker (1970) characterizes 

this relation by a system of partially controlled motion and discusses the stability in the 

case of a human pilot in parallel with constrained stability. 

The remaining will be uncontrolled or free variables. However, the solution of the 

dynamic equations with some of the variables being constrained will also affect the free 

variables. Furthermore, the aircraft is to be controlled as a whole. Therefore, it is more 

appropriate to refer to the free variables as indirectly controlled variables. 

The pilot’s reflexes are selective with respect to the components of the motion. 

The control in this case is exerted over the sufficiently low modes of the motion induced 

by the disturbance, and in the rest of the flight, the stability is to be secured through the 

inherent properties of the machine. 

Under standard flying conditions, like cruising along a straight path, (except when 

crossing a zone of intense atmospheric turbulence), the pilot usually achieves a correction 

through the controls that is even more efficient. In practice, he succeeds by achieving a 

satisfactory approximation of the controlled variables, induced by the disturbances and 

the deviations of those variables. 
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In order to secure the highest efficiency of control so as to determine in a given 

case, the optimum action to the deviation of a certain variable induced by the disturbance, 

the pilot generally resorts to several controls simultaneously. But one control also affects 

the quasi-totality of the equations of motion. The number of controls available, in 

general, is not equal to the number of the constrained variables, yet an experienced pilot 

is able to control all of the aircraft responses. Therefore limitation of the controllable 

variables, with the number of inputs seems artificial in the human pilot-aircraft 

combination case, due to the nature of partially and simultaneous control. 

0 The pilot closes the loop in a stable manner, 

Closed loop bandwidth and damping are the measure of his flying qualities, 

0 There is a time delay between the sensed feedback element and the action, 

0 The pilot resorts to controls simultaneously, 

The pilot's decision process includes the estimation of the aircraft states and 
motion, and his opinion based on his flying experience, 

The pilot responses can be divided into static and dynamic; static response is 
the case of equilibrium flight where the pilot trims the aircraft to cancel the 
moments and balance the forces acting on the aircraft while dynamic 
response includes the control movements for maneuvering or changing the 
aircraft state, 

In general, the response of a human pilot will be different than the auto-pilot: 
it is not possible to relate human behavior to the equations of motion 

There are stability considerations in the sense of delayed closed loop motion 
due to visual pilot feedback and partially controlled motion due to 
simultaneous control, 

There are bandwidth considerations since there is a limit of how rapidly and 
how strongly the pilot can move the controls. 

, 

Combining the above aspects, we come up with the general model shown in Figure 
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Figure 3. General Pilot Model 

(3). Which set of controls are to be selected, or which set of aircraft responses are to be 

used for feedback, are the decisions of the pilot. In most of the cases, one of those inputs, 

the primary control input, is for the control of a specific response of the aircraft, while the 

other controls act as a regulating or a secondary control set, trying to stabilize the modes 

of the aircraft motion disturbed by the primary input. The primary control set will be 

characterized by a single variable compensatory loop as in Figure (4). The system is 

compensatory since the pilot acts depending on the error information only. The rate of 

error signal which is estimated by the pilot by differentiating the error signal is also 

available. This information is the measure of pilot's estimation and detection process of 

the adaptation to the changes in the aircraft dynamics. 

For example, the lateral control is activated by the ailerons through the lateral stick, 



9 

COMPARISON 

REFERENCE 

PILOT DESCRIBING 
FUNCTION 

-& + CONTROLLED ELEMENT DYNAMICS 

t 
(SELECTED FEEDBACK ELEMENT) 

Figure 4. Single variable pilot model 

but this causes a non-zero sideslip angle which is regulated by the rudder pedals. Also 

the pitch angle of the aircraft changes slightly, and that is regulated by the longitudinal 

stick changing the elevator angle. This is called a "coordinated-nun". 

Further discussion of the human pilot for engineering analysis can be found in 

Kolk (1961), Seckel (1 W), Hacker (1970) and Etkin (1 972). These books discuss the 

aircraft dynamics and equations of motion while relating the theory to the human pilot. 

Seckel has more than five hundred references on handling qualities, human pilots, aircraft 

dynamics and theory. 

1.2 The Aircraft 

The aircraft is a rigid body consisting of a fuselage which carries the pilot and the 

wings to lift the aircraft. From the pilot's point of view, there is the cockpit with the 

provided instrumentations and the control units. Since we are discussing what the pilot 

observes in the aircraft, we will only mention the basic parts of the aircraft control 

mechanism. 
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Ailerons, elevators, rudders and tabs are typical parts of an aircraft that can move 

relative to the airframe. These are activated by the pilot for different purposes. The 

forces that would be required for the pilot to hold or displace them directly over some 

region of the flight envelope, far exceed the human capability. They are, therefore, 

provided by power boost in the form of hydraulic actuators, The pilot feels the artificial 

force of these actuators which define his boundary. These power boosted and manual 

controls, together with automatic gadgetry, assist the pilot, e.g., autopilots are employed 

to help maintain the direction, speed, and altitude of flight, while Stability Augmentation 

Systems (SAS) modify the apparent behavior so as to improve controllability of the 

aircraft and make the handling qualities more acceptable to the pilot. 

Thrust is the reactive force applied to the vehicle, which may simply 

counterbalance drag (the aerodynamic force opposing the direction of the motion in the 

atmosphere), or may produce longitudinal acceleration or increased altitude. The thrust 

or engine throttle setting is the most common input for controlling the rate of climb or 

descent. 

The propulsion system is often housed in a distinct element of vehicle such as a 

nacelle or jet-engine pod. Alternatively, it may be internal with only an air inlet or 

exhaust nozzle visible from the outside. 

Weight is another force that dominates the perfonnance of the vehicle. In level 

cruising flight, weight is counterbalanced by an aerodynamic force (lift) normal to the 

flight direction. Some lift is usually contributed by the fuselage, but a more efficient 

device for its production is the wing. A wing is a flattened, often cambered or twisted 

surface which intersects the fuselage, but usually has its longest dimension (span) normal 

to the airspeed vector. A well designed wing is an effective device for lift generation. 



11 

The most common arrangement, for lifting surfaces, known as a tail or empennage, 

has its location at the rear of the fuselage and consists of one portion (horizontal 

stabilizer) roughly parallel to the wing plane and a second (vertical stabilizer or fin) 

which is perpendicular to the wing plane, lying in the vehicle’s central plane of 

symmetry. 

The horizontal stabilizer applies pitching moments, which work to fix the 

inclination of the relative wind to the wing plane (angle of attack). It also assists in the 

trimming process of cancelling pitching moments about the center of mass due to the 

wing lift, fuselage, etc. 

The wing lift depends on both angle of attack and airspeed so that this angle must 

be readily adjustable to ensure that the weight can be supported in various flight 

conditions. The most efficient way to make the required pitching moment adjustments 

has usually proved to be by controlling the tail lift with a trailing edge elevator. 

Yawing control is supplied by the rudder, a flap acting at the trailing edge of the 

vertical stabilizer. The rudder has a trimming function in such situations as a steady turn 

or multiengine flight when one engine is inoperable. 

Rolling is accomplished by the ailerons and/or spoilers, placed near each wing tip 

and deflected in an anti-symmetrical manner. At high speeds, rolling moment may be 

exerted simply by the differential rotation of two all movable horizontal stabilizers. 

The wing flaps resemble control surfaces but they are actuated slowly and only at 

low speeds where they augment wing lift to facilitate landing or take-off. 
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As mentioned earlier, trimming is one of the activities of the pilot. There are 

trimming devices, usually tabs, that help the pilot maintain the equilibrium so that 

controlled free flight can be set up at any speed by the appropriate settings. 

For a conventional aircraft, the longitudinal control system consists of the engine 

throttle setting and the elevator angle through the longitudinal stick (forward and 

backward movements). The lateral control system is the ailerons (rightward and leftward 

movements of the lateral stick) and the rudder pedals operated by the feet. Although in 

mixed modes both of the control units affect each other, it is sometimes useful to separate 

the control mechanisms into longitudinal and lateral. The tabs are manually adjusted by 

the pilot for control free flight. 

We will use a V/STOL (Vertical and Short Take-Off and Landing) aircraft in our 

simulations which is capable of adjusting the direction of the engine gross thrust vector 

as opposed to the conventional aircraft. Thrust vectoring is used to lift the aircraft for 

VTOL and STOL mode or to adjust the thrust vector to the optimum angle for a given 

flight condition. 

13 The Simulation Program 

The Harrier AV-8B model is a single seat transonic light attack V/STOL aircraft. 

Conventional aerodynamic controls are utilized for wingborne flight and engine bleed air 

reaction controls are used in jetbome flight with both systems operative during transition 

modes. 

The Harrier AV-8B flight control system consists of conventional ailerons, rudder, 
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and stabilizer with a reaction control system (RCS) acting about all three axes during 

hover and transition. The stabilizer and ailerons are power operated while the rudder is 

connected directly to the rudder pedals. A single channel, limited authority Stability 

Augmentation System (SAS) is provided to facilitate control in hover and transition. 

The engine provides lift thrust for take-off and landing, cruise thrust for 

conventional wingbome flight, deflected thrust for inflight maneuvering and compensator 

bleed air for the aircraft RCS. This is achieved by a nozzle system that can direct the 

engine thrust from zero degrees through vertical and even a reverSe thrust position 

relative to the engine center line. The nozzle lever is the only additional cockpit 

instrument required for the V/STOL operation, and the only additional cockpit instrument 

is the gauge which displays the angular position of the nozzles. Engine operation in the 

conventional flight is similar to that of other engines. 

The non-linear simulation program for Harrier AV-8B(l)’, provided by NASA- 

Lewis, computes six degree of freedom aircraft motion(2) and some of the aircraft 

perfoxmance parameters. The program is based on wind tunnel measurements and 

parameter identification methods(3), and it will be our basic simulation environment for 

model testing and insertion of the pilot models. The simulation program provides all the 

cockpit controls (longitudinal stabilizer, ailerons, rudder, thrust and nozzle angle setting) 

and the switches (SAS, RCS, Gear, etc.) that are used by a human 

*Parenthetical references placed superior to thc linc of text refa to thc bibliography. 
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1.4 Equations of Motion 

Although we will not discuss the equations of motion for the aircraft in detail, we 

suggest the book by Etkin (1959) and his revised (1972) texts. Like Ashley (1972), most 

of the recent text books refer to Etkin's work. There are other books by Moses (1945), 

Babister (1961) and Miele (1962), that are worthy of note. 

As Ashley discusses in chapter two of his book, the six-degree of freedom aircraft 

motion can be characterized by nine states, (U,V,W), (P,Q,R), (@,@,ti) (see Appendix A 

for the defit ion of aircraft parameters). One can also add Y, but since it has no 

influence on gravitational terms or the airloads, it can be dropped. Linearized analysis on 

the equations suggest that the longitudinal and lateral components of the motion can be 

de-coupled into two four state equations, even for the case when bank, turn and sideslip 

angles are small but non-zero. Although longitudinal components appear in lateral 

motion equations, and vice versa, in most of the practical cases coupling can be ignored. 

If the aircraft is symmetrical, it is legitimate to consider pure longitudinal motions 

when the initial lateral rates are zero. These changes are basically in forward velocity, 

angle of attack and pitch attitude. The affected states are (U,W,Q,O). This results in a 

fourth order characteristic equation whose roots are the modes of the longitudinal motion. 

In general, the longitudinal characteristic equation has two complex conjugate roots: one 

defining the short-period mode, and the other having very small damping defining the 

phugoid (see Ashley (1974), Etkin (1972), Kok (1961), Hacker(l970)) mode. If the 

change in the rate of altitude, h, is not negligible with respect to the other variables, then 

it should be added to the state equation, but for small perturbation analysis we can always 

neglect its effect. 
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Of the two modes, the short period is the most important one to the pilot, because 

these poles define how the aircraft will react shortly after he applies control movement to 

the longitudinal stick. It contains most of the angle of attack response to control 

deflection and the variation of the normal acceleration necessary for maneuvering. When 

the mode is of high frequency and well-damped, the airplane responds almost instantly, 

without overshoot to elevator movements. If the reaction of the aircraft is poor or there is 

a delay, it will be difficult for the pilot to handle efficiently for which he uses the term 

"sluggish". On the other hand, the phugoid mode does not have a sigmfkant effect on 

pilot's flying qualities. The phugoid poles are very close to the origin, even unstable in 

some of the cases. However, the mode is usually so long in period that it has very little 

influence on the pilot and is easily guided or altered. Consider a human guiding an 

automobile for example. Continuous adjustments must be made to correct the heading of 

the car depending on the road conditions, but these corrections are so small in magnitude 

that, they do not affect the quality of driving. The same situation applies for the aircraft 

case. In conditions, where continuous, active control is required anyway, the phugoid 

properties are probably not even perceptible to the pilot. 

The corresponding lateral-directional modes can be characterized by the spiral 

mode, roll mode, and the oscillatory Dutch-Roll mode, which primarily affect the states 

(V,W,P,Q). The spiral mode is like the phugoid (except that rather than a complex 

conjugate pole pair, the spiral mode is characterized by a very large negative pole), the 

pilot counteracts any evidence of these motions long before they have time to build up or 

become unstable. The other modes are, however, primary determinants of the pilot's 

perception of aircraft handing qualities. While there is no simple way of analyzing these 

important lateral-directional modes, Seckel (1961) has an interesting discussion of a 

human pilot trying to control the bank attitude by positioning the ailerons in the right 
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direction and in proportion to the error between the actual and desired bank angle. By 

linearized equations of motion and root locus techniques (see Figure ( 5 ) ) ,  Seckel shows 

that the closed lw? system can be unstable for specific values of the pilot gain.This is 

what is known as the Dutch-Roll excitation. The sideslip swings back and forth, 

accompanied by oscillations in pitch angle. The solution is, of course, introducing the 

rudders, for coordinating the roll. This becomes highly difficult especially at high speeds 

due to the limited abilities of the human pilot. 

Imaginary 
axis 

Spiral mode 
L A 
t 1 Real axis 

1 
I 

Figure 5. Root Locus of lateral control modes, from Seckel 
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1.5 Statement of the Problem 

We wish to investigate the properties of models that can describe the human 

behavior in feedback type of systems by simulating these models in linear or non-linear 

environments. In other words, we want models that resemble human behavior or at least 

behavior a human can be capable of performing. In the presence of such models, the 
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analysis of the complex control tasks performed easily by humans, such as driving a car 

or flying an airplane, become available. It is the adaptive behavior of the human 

mechanism, without knowing the exact dynamic equations, capable of re-adjusting to 

different environments, that forces the search for mathematical describing functions. 

Unfortunately, the theory of adaptive control is not directly applicable for such an 

analysis. Such a model has been investigated at Wright Air Development Center in the 

late 1950’s. Extensive amounts of experimental data have been studied and a fairly 

simple, yet effective model has been developed(@. The details of the model can be found 

in the final version of the paper written by D.T.McRuer and E.S.Krer~del(~). One such 

application of the model is its performance while actively participating in the control of 

an aircraft, and being capable of responding to the changes in the aircraft model as well 

as to certain maneuvers. 

One of the difficulties in utilizing the McRuer-Krendel human response model for 

different flight configurations is that parameters of the human model must be re-adjusted 

as parameters of the plant change. Consider an inexperienced human pilot being trained 

to control the aircraft for the first time. He will be provided with the control units and 

their purposes, but this alone is not sufficient enough to fly the aircraft without the actual 

training. As soon as he is given the full control of the aircraft, he will be in an action- 

reaction state, observing the responses corresponding to his commands while collecting 

and using this information for his next control attempt. As he begins to get used to the 

controls, he will be able to guess how the aircraft will respond depending on his 

command and if there are any discrepancies, he will correct them as in the case of 

guiding the automobile. The experience of the pilot reflects how well this estimation 

procedure is performed. In other words, the experience of a pilot is his knowledge of the 

open loop dynamic behavior of the aircraft. However, this knowledge can not be 



18 

expressed by a numerical dynamic set of equations. The pilot has an internal 

representation of the plant dynamics. Now consider the experienced pilot. It is clear that, 

even if the pilot is experienced, his action will differ depending on the aircraft 

configuration. This is partly due to the randomness of the human nature and partly to the 

changes of the dynamic relationship of the aircraft, especially to the speed and the 

angular rates. Therefore the adaptation process of the pilot continues even if he is an 

experienced pilot. In order to model this experience, we must have some knowledge of 

the open loop dynamics as the human pilot gets through training. As the human pilot 

selects the parameters best suited for the aircraft’s configuration, we must obtain a set of 

human model parameters to be used at specific flight configurations. However, before a 

new pilot model is developed, a new set of transfer function estimates relating the 

behavior of the aircraft at the specified flight condition has to be obtained from the 

trimmed (unaccelerated) aircraft. These flight tests involve low order approximations of 

the primary responses through impulse, pulse or step inputs from the control 

mechanisms. This is exactly how the human pilot proceeds in controlling the aircraft, 

approximating the modes of the open loop dynamics that are perceptible to him and 

altering his parameters accordingly. 

Once the estimate of the open loop transfer function is available, the loop is then 

closed using root locus techniques for the selection of the closed loop poles. The 

selection of the human pilot involves the proper assignment for a stable closed loop 

system with the desired bandwidth. So we will select our human model parameters that 

will satisfy the latter constraint used by the human pilot. As we will discuss in Chapter 2, 

the McRuer-Krendel human response model has a non-linear delay tern, FToS for the 

pure transmission delay of the visual lag. However, to be able to apply the root locus 

method, the non-linear delay element e-ToS has to be handled before any analysis. One 
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way of proceeding is to approximate cTd by a finite number of poles at a large distance 

from the origin, on the negative real axis(*). Unfortunately, numerical problems are 

inevitable. 

The most important drawback is that, al l  the following analysis must be done off- 

line: (1) trim the aircraft at the desired initial flight configuration; (2) record the impulse 

responses; (3) approximate low order transfer functions using time and frequency domain 

data; (4) choose primary response variables and control set; ( 5 )  calculate the human 

response parameters via root locus techniques; (6) insert the pilot model and (7) repeat 

this process until satisfactory responses are observed. 

Our aim will be to simpllfy this process and close the loop on-line and adaptively, 

as the actual pilot does. We therefore need an on-line estimator scheme to monitor the 

changes in the open loop transfer function which the pilot is closing and use these 

estimates to adapt the pilot model. While the actual pilot just "does" the estimation, we 

need a parameter estimator for the simulation. 

In Chapter 2, we develop a discrete time McRuer-Krendel human response model 

using the step invariant transformation. Although the transformation is trivial, the 

resulting model eliminates the non-linear delay element yielding a ffite number of poles 

at the origin in the zdomain. Therefore we can use ordinary root locus analysis. 

In order to close the loop with the desired bandwidth and damping, no way other 

than the root locus method is known and implementable. In Chapter 2, we separate the 

discrete time McRuer-Krendel model into two parts: one relating the time delay and the 

muscular element, the other being the adaptive or the compensating part which is our 

primary concern. Chapter three discusses the root locus method and a way to close the 
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loop adaptively. Applying the phase constraint of the root locus method in Chapter 3, we 

obtain a linear equation for the possible assignments of the adaptive pole-zero pair of the 

human response model which is suitable for on-line calculations. The adaptation acts as 

a phase equalizer and makes sure that the phase constraint is satisfied at the desired 

closed loop location, hence closing the loop. Unfortunately this procedure alone is not 

sufficient. The stability and error minimization arguments should be added for opthum 

values, and the adaptation must proceed accordingly. The adaptive pilot model is utilized 

in Chapter 5,  and the extension for the multivariable control case is discussed. 

Chapter 4, describes a time series parameter estimation technique using K h a n  

filters which can be easily modified to estimate transfer functions, parameters of the state 

and output equations. This chapter can be treated separately since it only deals with 

parameter estimation. Examples will be given to demonstrate the applications of the 

algorithm and computational aspects will be discussed. 

Finally in Chapter 6, we combine the diagrams and equations for the adaptive pilot 

and discuss the resulting pilot insertions and compare with the static p i l~ ts (~) (~O)(~l )  

previously reported. 
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2.0 MATHEMATICAL MODELLING OF THE HUMAN RESPONSE 

A human is intermittent in his operation, his bandwidth is limited by the time 

required for decisions and action, his senses are non-linear, and his awareness of output 

movement is of limited accuracy. However, he has the ability to detect signals in the 

presence of noise, and his presence can make a system adaptive and self-optimizing. 

Although his behavior is non-linear, it is not for a long time. There are periods when he 

acts in a non-linear manner, like the impulsive reactions in case of a sudden emergency, 

but most of his responses are observed to be linear. This aspect helps modelling the 

effect of a human in a closed loop system. 

In the case of a control system, the basic human output is the control movement of 

skeletal muscles resulting in limb displacement or application of force. The knowledge 

of the limb position and force output is due not only to vision but to sense organs in 

muscles and joints known as the "proprioceptors". The sensory outputs of these organs 

provide feedback signals which make possible the regulation of skilled muscular 

movements. This feedback is transmitted by afferent nerve fibers from the muscles to the 

central nervous system, and after being processed, the control signal is sent to the limbs. 

Kelley (1968), discusses the neuro-muscular system for manual control purposes. 

However, very efficient approximate models for enginwring analysis are utilized(12). 

If the human-control system combination was completely linear, the analysis could 

have been quite simple. In the case of the human pilot-aircraft, neither the aircraft nor 

the human pilot present any linear behavior. Although non-linear models can be 

developed, the analysis of such systems is highly complex, and the results are not much 
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better than linear models. 

relationships by linear or quasi-linear models. 

Another approach is to approximate these non-linear 

Despite this non-linear, adaptive human pilot mechanism, many linear and low 

order models have been successfully developed. Of these models the low order model 

(13) is the result of a servomechanism model approach of the human operator. This model 

demonstrated that human operator dynamics in single loop compensatory systems could 

be described by quasi-linear functions. A study on a variety of controlled element 

dynamics and random appearing input commands with different bandwidths confirmed 

the applicability of such a model(@. 

There are other complex models relating optimum control theory to the 

experienced pilot behavior(14)(15), or discrete models(16). The Optimal Control Model 

(OCM) has better results in the low and high frequencies, but the basic disadvantage of 

the model is its complexity. The model consists of a Kalman Filter estimator, a predictor, 

a simplified neuro-muscular equivalent and a linear state feedback capable of 

multivariable control tasks. 

The McRuer-Krendel model(’) has been simulated for the Black Hawk helicopter 

and for the Harrier AV-8B aircraft, for single and multiple cascaded pilot 

~0d1gura t i0n~(9x~~H~~) ,  and the results confirm the model. Pilot parameters for the 

model are chosen after extensive aircraft testing for the flight configurations that are 

being considered in the simulations as an analogy to pilot training. 

While the discrete domain model(l6) only gives the freedom of choosing the order 

of the transfer function, the McRuer-Krendel model has adjustable parameters for the 

adaptive nature of the human pilot. We will transfer this continuous domain model into 
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the discrete domain, for reasons that will become clear later, and use this model to 

simulate simple maneuvers in a non-linear aircraft simulation environment. 

2.1 The McRuer-Krendel Human Response Model 

The McRuer-Krendel model is a single-degree of freedom quasi-linear model 

based on best fit analysis of experimental pilot dad6”). The general form is given by, 

where H,(s) is the transfer function of the human response, often referred to as the 

describing function, s is the complex Laplace transform variable, the input is the error 

signal, while the output is the corresponding control displacement. McRuer and Krendel 

discuss typical values of the precision model(7). In order to characterize the random 

component, a remnant is added to the control displacement as in Figure (6). 

Figure 6. Human describing function model 
/,/ A,./ 
I .  
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Although there is no easy way of analyzing the remnant, the model in equation 

(2-1) can further be simplified to obtain the transfer function, 

where very low and very high frequency accuracy is not necessary. This is a reasonable 

assumption for the human pilot since, as discussed before, the bandwidth of the closed 

loop is 3-4 rad/sec (or 0.48-0.64 Hz). In equation (2-2), e-TDs is the pure transmission 

time delay within the nerve conduction and stimulation. Although the time delay 

parameter TD changes are estimated to be between 0.13-0.23 seconds and even 0.30 for 

some of the cases, it is not known to exceed 0.30 seconds (see Kelley(1968)). The 

changes in the time delay can be signrficant depending on the particular control task but 

not for a specific control task(”), e.g., the time delay of a driver will be different than 

that of a pilot, but pilots with similar experience and training will have similar lags. 

Therefore, we will assume that TD=0.20 and is constant for the rest of the discussion. The 

OCM model(14) has a similar argument on the time delay. The term l/(T$+l) is an 

approximation of the neuro-muscular lag of the arm meaning that the pilot can not move 

his arm faster than the rate of this pole. The value of TN is assumed to be constant and 

approximately 0.10. The remaining term, Kp(TLs+l)/(Tfi+l), is the adaptive part of the 

model (a time dependent variable gain and a lead-lag compensator) whose parameters are 

altered by the pilot to the particular flight configuration. The constraints on the model 

parameters are as follows: 

0.0 S TL 5 2.50 (TL # TN) 
0.0 ‘TI S 20.0 
T,=O.lO 
To = 0.20 

(2-3~)  
(2-3 b) 
(2-3~) 
(2-34 
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The lead-lag compensator part is based on the assumption that the human is 

required to furnish at least one differentiation and one integration to obtain the desired 

performance, and the constraints on the parameters, Tr and TI determine how efficient the 

integration and differentiation processes are performed by the human. This concept of a 

human capable of differentiation and integration is a common assumption. The complete 

model with the remnant added is given in Figure (7). 

Figure 7. Complete single variable model 

The resulting differential equation will be, 

The quantity y p ( f )  is the pilot's control displacement, and the input is the feedback error 

signal ep(t). If TLep(f)>>ep(t), then the output of the model is derived by the rate of the 

error signal, else if TL$(t)<<ep(r), then the output is a function of the error signal itself. 

When they are in the same order, the effect is mixed. 

The solution of equation ( 2 4 )  defines the modes of the pilot, and the resulting 

control displacement defines the modes of the closed loop system. Even though there are 
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COMPENSATION 
ANDDELAY HOLD + T 
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a few parameters to be adjusted, the analysis is still not trivial because of the time delay, 

time-varying pilot parameters and time-varying aircraft dynamics. 

NEURO-MUSCULAR 
SYS’IEM 

Now recall that the external world is sampled for a brief period of time during 

which the sensing of the feedback component and comparison with respect to a desired 

motion takes place. It is clear that within this interval another signal can not be 

processed. The error signal is sensed and held until current information is processed. The 

total time delay of the decision depends on the pilot’s abilities but also on the visual 

information lag. The compensator network parameters are then selected by the pilot and 

the location of the pole-zero pair is placed accordingly. Finally there is the input of the 

neuro-muscular element, and the desired control displacement is sent through the 

muscles. Unfortunately the desired and commanded controls may differ which greatly 

affects the pilot’s control qualities. Thus the pilot is ready for another sample of the error, 

but we must note that he is responding to some error signal previous to the present error 

because of the delay. 

The assumption of sampling leads to the model in Figure (8). 

Figure 8. Sampled Human Response Model 

Experiments show that it is impossible to deal correctly with every stimulus in a 

sequence when the stimuli are closer than some time interval from each other (about 0.5 

second, Kelley (1968)). This in a way shows that sampling occurs in the human 
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mechanism because the latter phenomenon can be explained by the sampling theorem 

where a frequency aliasing occurs due to over-sampling. In other words the human can 

not respond faster than his bandwidth. Indeed a similar sampled data model has been 

suggested by McRuer(l*) himself, and others have already been studied. However the 

relative simplicity and the successful simulation results of the McRuer-Krendel model 

suggest a direct sample-and-hold equivalent of this model for discrete domain analysis. 

This is legitimate if the bandwidth of the human mechanism is preserved which means 

that the sampling theorem must be satisfied. Under these conditions, we obtain the 

discrete time McRuer-Krendel model given by(see Appendix B for derivation): 

Kz-d(z-'yz-2) 
( 1 +z-')( 1 -aZ-l) 

Hp(z-') = (2-5) 

It is not surprising that the structure of the model does not change by sampling. 

Now the pure transmission delay is represented by z4, the neuro-muscular component is 

1/( l-pz-') and the adaptive part is K( l -y~-~)/(  1-ocs-'). The pole locations are easily found 

by the relation z=eST. For the zero at y however, the derivation is not straightforward 

because sampling relocates the system zeros. We used Greek letters for the discrete 

model parameters in order not to mix them with the continuous model. The gain K is 

scaled because of the sampling but that does not have any significance in the design. The 

zero and the poles of the model are given by, 

This is for the case when TI#T,. Otherwise, the partial fraction expansion changes, but 

we will always avoid the situation T,=TN to make the analysis simpler. 
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Assume that TP and thus also a, is fixed, then y is a function of TL only. It is easily 

seen that in that case the local maximum and minimum of the y is obtained at the limits of 

TL, and also that y is an increasing function of TL yielding, 

Y(rL=o.o) 5 y(a) 5 Y(rL=m) (2-7) 

The only drawback to this is that while T, is changing the possiLc locations for choosing 

the zero is changing as well. This is different than the continuous model where polehero 

locations can be assigned independently. The resulting discrete time difference equation 

is given by, 

The quantity ep(k) here represents the error information, and y,(k) is the corresponding 

pilot control displacement calculated at the discrete times. 

The simulation program discussed in Section (1.5) updates the parameters at 0.05 

second periods allowing the control inputs to be inputted at these instants. That gives a 

sampling frequency of 20 Hz. If we recall that the closed-loop bandwidth is desired to be 

0.48-0.64 Hz, and the maximum bandwidth of a human pilot is estimated to be 0.96, a 

sampling frequency of 20 Hz gives a fairly safe region to operate. Furthermore this 

program is being used by NASA for real time human piloted simulators implying that 20 

Hz sampling does not degrade human performance. 

Now that T i s  fixed at 0.05 second, with TN=O.10 and TD=0.20, our model becomes, 

For this choice Figure (9) shows the region of the model zeros while cc is changing from 
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minimum to maximum defined by the inequality in equation (2-3b). It is seen that zero 

location lies inside the unit circle, and since the poles are stable as well, the resulting 

model is minimal phase. This is reprded to be an advantage because systems with non- 

minimal phase characteristics may have undesirable responses. 

a 

0.982 1 
Figure 9. y,,, and y- versus a 

The discrete model has some advantages. First of all, the non-linear pure time 

delay element C T D S  is eliminated and replaced by poles at the origin so that the analysis of 

the root locus is simpler. The pilot is characterized by a difference equation instead of a 

differential equation which means that any discrete idenufication method as well as 

discrete optimization necessary for the adaptation process of the pilot model can be 

applied. The model turns out to be minimal phase, but one extra constraint is added on 

the adaptive portion of the model. The parameters of the lead-lag equalization network 

are to be selected more carefully as a result of the sample and hold equivalent where the 
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zeros are relocated. Once the pole 01 is fixed, there is a region where the zero y can be 

chosen, but this does not introduce any sigmficant difficulty in the analysis. 

2.2 Adaptation Procedure 

The adaptation procedure can be divided into four parts: detection, modification, 

identification and optimization. We will combine detection and identification in one 

group, and modification and optimization in another. 

It is reasonable to assume that a well-trained pilot has an internal representation of 

the plant dynamics and will be able to idenafy any changes very rapidly. For a skilled 

pilot, the identification of the unexpected modes of the system can be in times of order of 

a reaction time from the time of detection. The detection-identification structure of our 

model will consist of a linear time-varying plant representation and a parameter estimator 

which will update the unlcnown potentialities of the model parameters to desired accuracy 

constrained by the uncertainties of pilot input with respect to the plant output. For 

simulation purposes, we will not include the effect of the remnant. We have argued that 

the system was a compensatory feedback type system, and that only the error signal was 

available to the pilot. However, the human pilot is capable of monitoring the rate of the 

error signal(12), namely, %(r). If we approximate the fnst of the error signal in the 

following way, 

(2-10) 

we can see that the rate of the error signal is proportional to the output. Therefore we 

argue that we can use the controlled element measurements and the pilot’s control 
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displacement in a parameter estimation scheme which will be the one discussed in 

Chapter 4. 

The second group, modification-optimization involves the proper selection of the 

lead-lag compensator that will result in a stable response and minimum mean square 

error. This will not work properly unless the estimate information of the detection- 

identification is responding to the changes in dynamics properly. If the estimate has some 

uncertainty in it, which often occurs in the pilot training where the inexperienced pilot 

overestimates the next state of the aircraft and pushes the control stick too hard, then the 

system may become unstable. But this does not mean that the optimization is not 

working. Of the possible solutions for the lead-lag network parameters, the optimum pair 

must be found if such a solution exists over the flight envelope that is of question. 

If we put together the basic parts of the adaptation, we end up with the model in 

Figure (10). 

I 

I and A I IDENTIFICATION 
I MODIFICATION I 1 
I OPTIMIZATION - I  

Figure 10. The Adaptation Procedure of the Pilot Model 
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3.0 CLOSING THE LOOP 

In t h i s  chapter we will establish the equations for the closed loop pilot-aircraft 

system. Figure (1 1) shows the basic configuration of our pilot-in-the-loop model. Notice 

that this is a single variable closed loop compensatory system. The remaining responses 

other than the one being controlled are ignored at this point and later will be regarded as 

the disturbances. This is legitimate if the remaining variables are changing slowly with 

iespect to the controlled element. This can be the case where the pilot is only provided 

by the pitch angle information and longitudinal stick input to control aircraft’s pitch 

response. 

I pilot Model Aircraft Model I 

Figure 11. Compensatory single variable pilot control 

Before further discussion some assumptions must be made. For the rest of the chapter we 

will assume the following. Assumptions (a) the controlled element dynamics can be de- 

coupled from the rest of the aircraft responses, (b) there exists a describing function of 

the human response, and it can be approximated by quasi-linear models, (c) the remnant 

of the model is approximately zero, (d) the aircraft dynamics and the properties of the 
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controlled element are known to some accuracy. The rest of the analysis will be carried 

in the discrete domain. 

Given the pilot describing function HP(z-') and assuming that the aircraft dynamics 

can be modelled by the ratio of two rational polynomials, namely N(z-')/D(z-'), the 

closed loop system transfer function T(2-l) from the reference r(t) to the output y ( t )  can 

be given by, (refer to Figure (1 1)) 

T(2-l) = -- Y(z-1) - 
R(2-l) N(2-l) 1+H (2-1)- 

D(2") 

HP(il)N(i') 
T(2-l) = 

D(.Z-~)+H~(Z-~)N(Z-') 

(3-1) 

(3-2) 

If the pilot describing function is the discrete model derived in Chapter 2, then 

T(z-') becomes, 

2-q Z"-yZ--2)N( 2-1) T(2-l) = K 
) 

where ACL(r1) is the characteristic polynomial given by, 

(3-3) 
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Now we can argue the stability of the system. This is a complicated procedure 

especially when the aircraft dynamics is changing where the polynomials N(z-') and 

D(z-') are functions of time. It is important to note that there is no constraint on the order 

of the open loop aircraft transfer function. It may be impossible for the pilot to identify 

all the modes of the controlled element except for the ones that lie inside his bandwidth. 

The pilot adaptation involves an internal representation of the open loop system but not 

highly sophisticated. The pilot is watching the modes that are perceptible to him which 

leads to the conclusion that the model of the open loop that is sensed by the pilot is a low 

order approximation of the system. The approximation should be valid for low frequency 

regions or approximately 0.1 < oc 20 rad/sec(19). The parameters of this pilotdecided 

model are updated, if any discrepancies occur, and if the pilot is experienced enough to 

sense these changes. 

The closed loop system is stable if and only if the roots of ACL(z-l)=O lie inside the 

unit circle. The method of root locus becomes useful for such an analysis where the 

closed loop poles are plotted as a function of the variable component of the equation. In 

the case of a linear system the loci are plotted as a function of the open loop gain. 

Unfortunately, there is more than one variable in equation (34). To proceed, we will 

investigate the properties of the closed loop system only when the pilot parameters are 

changing. For that purpose we re-write the loci equation in terms of the pilot gain. This is 

obtained by equating equation (3-4) to zero and solving for pilot gain K, which results, 

All of the closed loop poles must satisfy equation (3-5).The order of the closed system is 

strictly determined by the order of the open loop transfer function. The constraints are on 

I 
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the closed loop bandwidth and the corresponding phase margin. Then if zcL is one of the 

closed loop poles, K(z;L) must be a real number since the gain can not be complex. But 

the z-transform variable z-* is complex, so although the polynomials N(z-') and D(z-') 

have real coefficients. The result of equation (3-5) may not necessarily be a real number 

and those satisfying the latter argument define the root-locus of the closed loop system. 

Equivalently, we end up with the basic phase constraint of the root locus method which 

says that the gain in equation (3-5) must be real, or the complex argument of the gain 

must be zero, namely, 

&(2n+1)180 for K>O 

&(2n)180 for K<O 
n=0,1,2, .  . . LK(z-1) = (3-6) 

The case of K being negative is necessary as we will investigate later in Chapter 6 that 

the relative airspeed of the R is decreasing by the increasing nozzle angle. If the pilot is 

required to increase the speed of the aircraft, then he must provide a negative gain. 

Now that we have characterized the closed loop poles both as a function of the 

pilot parameters and the dynamics of the controlled element, we will relate the root locus 

method to the adaptive pomon or the lead-lag equalization network of the McRuer- 

Krendel human response model in the discrete domain. 

Let us re-write equation (3-5) in the following way by separating the pilot 

determined part from the others which he can not influence, such as time delay, the 

neuro-muscular lag, and the controlled element dynamics, 



D(z-')( I-pz-1) (1-w-1) 
N(Z-~)Z-(~+') } (l-yz-') 
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(3-7) 

In equation (3-7), terms inside of the braces denote the non-reachable part for the pilot, 

and the remaining term which involves the discrete pole-zero pair a-y is the equalization 

of the pilot which he alters for optimum flying conditions or equivalently optimum closed 

loop pole locations that are dominated by the non-reachable term or at least by the 

available amount of information on this term. 

The adaptation is known to occur in the pilot mechanism, and we can explain such 

an adaptation by the phase requirement necessary to satisfy the phase constraint of the 

root locus defined in equation (3-7) at the desired closed loop pole location. In other 

words, the pilot changes the closed loop poles by the proper selection of his adaptive 

pole-zero pair and gain according to the variations of equation (3-7). 

Assume that, 

which reduces equation (3-7) to, 

(3-9) 

As is usually done in bode plot analysis, we treat the magnitude and phase of the equation 

(3-9) in two different equations because this simplifies the analysis. For phase analysis, 

the equation (3-9) reduces to, 
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(3-10) 

Let us examine the adaptive part ( l -c~-~) / ( l -yz- ' )  separately since we do not have any 

influence on the other terms. We can find the phase angle supplied by cx and y to the 

equation (3-10). We can write 

(3-1 1) 

Then the phase contribution of cx and y can be seen from the graphical representation of 

(z-a) and (r-y) in the complex plane as in Figure (1 2). 

IMAGINARY AXIS 

Figure 12. Graphical representation of the adaptive part 

where, z is any desired pole location to be included in the loci. Then 
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(3-12) 

6,(~-'),6$z-') are as defined in Figure (12). By representing the closed loop behavior of 

the system with the root locus plot of the closed loop pole locations, the procedure of 

controlling the aircraft like the human pilot is now reduced to the appropriate assignment 

of a and ythat will satisfy equation (3-10). By the following definitions 

(3-13a) 
(3-13b) 

equation (3-10) becomes, 

Provided that LK(z-') and LKf(z-') are known, the equation (3-14) can be solved. 

Although the equation looks like a linear equation, because of the possible set of 

assignments of a and y, further analysis must be done. This can also be seen from Figure 

(12), a and y can move right or left while still keeping a constant phase angle 

(ea(Z-1)-e,,(z-1)). 

If the quantity O&-')-e+z-') is negative, then the pole lags the zero (Figure (13-a)). 

Conversely if ea(ir1)-e$z-') is positive then the pole leads the zero (Figure (13.b)). Once 

a and y are fixed the corresponding gain is calculated from equation (3-9) by evaluating 

the right hand side at z=zcL, zcL, being the desired closed loop pole. Then, by taking the 

magnitude of each side of the equation (3-9), 

(3-15) 
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Figure 13. Possible pole/zero assignments 

There may be more than one possible choice of the a-y  pair for the same task 

forcing other constraints for the assignment process. Just as the human pilot does, we 

must pick the pair that will result in the minimum error signal and a stable closed system. 

This is the optimization process. Unfortunately, the pilot-aircraft combination can not be 

guaranteed to be stable though an experienced pilot will try to maintain the opposite. But 

if instability occurs. this must be sensed, and the closed loop pole must be relocated. 

This is also necessary if the open loop transfer function has resonances at the pilot 

desired closed loop pole which makes the control very "touchy" so that the pilot must 

exert a considerable amount of force on the controls. Therefore the closed loop pole 

must be relocated within the allowable limits if possible. In the next section, we will 

define the limits of the desired closed loop system poles both in the continuous and the 

discrete domains to combine the Root Locus criterion with the closed loop poles. 
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3.2 Closed Loop Poles 

In the introduction section, we indicated that the pilot's flying qualities can be 

determined by the closed loop bandwidth. We also related this bandwidth constraint into 

the undamped natural frequency and the damping ratio of the resulting closed loop 

transfer function. Now we will relate the region defmed by 

3.0 1 on 14.0 r d s e c  
0.516 10.8 

to the closed loop poles. 

The second order, dominant complex conjugate poles are given by, 

(3-16a) 
(3-16b) 

(3-17) 

applying the region defmed in equation (3-16a) and (3-16b), we can plot the resulting 

s-domain poles as in Figure (14). The transformation z=tfT, maps the poles in equation 

(3-17) to the z-domain poles as, 

(3-18) 

The discrete poles change as the sampling time changes along with the resulting region of 

the desired closed loop poles. For T=O.O5, the region of desired closed loop poles is given 

in Figure (15). 

Therefore, we will assume that an experienced pilot adapts to the flight 

configuration in such a way that the dominant closed loop pole lies in these regions. And 

since it is the dominant pole, the bandwidth of the system is determined by this pole. For 

simulation purposes we will supply the desired closed loop pole to our model so that the 
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nominal value is used for most of the configurations, and the on-line adaptation scheme 

may change the precise location depending on the open loop transfer function, especially 

the behavior of the open loop transfer function at the pre-decided closed loop pole. If the 

system already has resonances at that pole, then the pilot must re-locate the closed loop 

pole within the regions of s-domain poles as in Figure (14) or equivalently z-domain 

poles as in Figure (15). 
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Figure 14. Closed loop poles in sdomain 

(0.88.0.08) I 
Figure 15. Closed loop poles in r-domain (Td .05)  



43 

So far we have defined the behavior of the closed loop control system and related 

the Root Locus criterion to the adaptive part of OUT human response model. Although we 

have accomplished a desired result, it took a lot of assumptions to be able to get to this 

point. Unfortunately this is not sufficient. Now we will assume that the pilot’s 

representation of the open loop aircraft dynamics can be modelled by a discrete 

difference equation based on the sampled available data of the input-output relation of the 

aircraft response. This is the identification part of the adaptive pilot model. We must also 

note that pilot does not know the aircraft dynamic equations nor the equations of motion 

exactly. He reasons on the information supplied and observed. For that purpose in the 

next chapter we will introduce a parameter estimation scheme based on discrete 

measurements. 
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4.0 ESTIMATION SCHEME 

Kalman filter modelling is widely used in stochastic control. The idea is to model 

the system in question by a state and a measurement equation. The model can be 

fictitious but as long as it has the general form, 

the theory can be applied. The unlcnown or unmeasurable states of the system are 

estimated with the information of input/output measurements and previous estimates. The 

basic assumptions on wk and vt are as follows: wk and vk are independent, zero mean, 

white-gaussian, random noises, and 

where EV] denotes the expected value of the variable f. If the noises are not white, the 

theory is still available by adding extra states to the state equation that characterize the 

spectrum of the noise by the innovations approach provided that the frequency spectnun 

of the noises are known(20). 

Both Anderson(21) and G~odwin-Sin(~~) discussed a state model for the parameter 

estimation purposes where all the unknown plant parameters are put in the state equation 

in the following way, 
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and any measurement of the known plant characteristics are modelled by the 

measurement equation, 

(M) 
T zk = Hkek+vk 

We have found this model approach to be quite effective after extensive simulation on 

discrete and sampled data systems. The convergence rates are found to be faster than the 

Recursive Least Square (RLS) estimator schemes we med, and the estimates agreed with 

the parameters of the simulated system. By appropriate selection of the noise covariances 

of this filter, the RLS filter can also be obtained. The basic assumptions on wk and vk 

apply. Once the estimation is put into the form of a Kalman filter, all the properties of the 

Kalman filter theory can be used such as the best linear estimator property of the Kalman 

filter and the convergence of the estimates. 

If the unknown plant parameters and plant measurements can be put into the 

foxmulation, 

we can use the following Kalman filter equations for the estimation of the plant 

dynamics, given as, 

No restrictions on the order of the state vector and the amount of measurements are 

required. The filter is started with the initial conditions on the covariance matrix and 
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A 
estimates, namely with Po,60. The estimates are updated by the equations (4-6a), (4-6b) 

and (4-6c) at each measurement to be taken at discrete sampling frequencies. 

The choice of R,  and Q, are the preliminary determinations on how the filter will 

behave. The covariance of the measurement noise v, determines the quality of the 

measurements. For example if R,=O, then there is no measurement noise. The choice of 

Q,=O drops the state equation to 

%+I =e, 

which means that the system is a Linear Time Invarian (LTI) system. This 

(4-7) 

M also be 

observed from the covariance update in equation (4-6c). The value of Qk is added to the 

covariance so that it does not vanish by converging to zero. If the covariance matrix is 

zero, then the estimate can not change an undesirable situation. By keeping Q, non-zero, 

the filter can estimate the parameters of time-varying systems. Po and Q, are usually 

assumed to be diagonal matrices, namely, Po=pJ and Qk=pkI, po is some big positive 

number while pk is some small positive number. 

We will now investigate different types of configurations for the estimation 

process. 
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4.1 Applications 

4.1.1 SISO Case 

Suppose the input and output relationship of a discrete system can be given by the 

following difference equation, 

Then choose, 

The resulting filter equations are given by, 

K~ = P~H,[H;P~H,+RJ-~  
A A  A 
Ok+l = B,+K,LY,-H$,] with 0, 

P,, = P,-K~H;P~+Q, with P ,  

H k + l = b k  'Yk-n+lUk-d+l ' * * 'k-m-d+l IT 

(4-loa) 

(4-lob) 

(4-10c) 
(4-106) 

It is easily seen that if R,=l and Q k d ,  the above filter is exactly the RLS estimator. 

Unfortunately the estimator can not be run off-line because the vector H,, or the 

regressor, is a function of the previous measurements of the system input and output. 
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4.1.2 MIMO Case 

Assume that a MIMO discrete system can be characterized by the following 

difference equation, 

where there are L outputs and M inputs, ith output and J* input are y i ,  d' respectively. We 

have two choices to model this system: we can put all the unknown parameters in one big 

state equation, or we can separate the state equations into smaller parts of each 

representing the unknown parameters for one output equation. Although it looks hard to 

put into words, it is easier to see by the following definitions, 

(4-12~) 

where d=min(d, . . . dL), n=max(n, . . . nL), rn=max(rn, . . . mL). This suggests that there 

are L separate estimators, each having the same form but calculated independently. Now 

recall that the original K h a n  gain equation and covariance update equation involve 

only Hr So by appropriate assumptions, the gain and covariance update equations of 

these separate estimators can be calculated only once and used for the estimate updates, 

only if the initial covariances are the same for all of the estimators, but this value is re- 

definable and one can assume that all the initial uncertainities are the same. Goodwin and 

Sin (1984) discuss such a simplification. 
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The final form of the equations is as follows, 

Kk = PkHk[HiPJ.'II+Rk]-' 

$+1 =&+K,Lyi-H;&] with I =  1 . . . L 

P , ~  = P ~ - K ~ H ~ P ~ + Q ~  with P, 

A 

1 1  2 2  L L  

1 1 2 2 L 

H k + l = b k  ' 'Yk-n+l Y k '  'Yk-n+l ' ' Y k  'Yk-n+l 

I T  'k-d+l . 'k-m-d+l ' k - d + l *  ' 'k-m-d+l * ' 'k-d+l' 'k-m-d+l  

(4-13a) 

(4-13b) 

(4-13c) 

(4-134 

4.1.3 Estimating the Parameters of STATE-OUTPUT Equations 

It is sometimes necessary to have some information of the parameters of state and 

output mamces of a time-varying plant. Such an application may be the adaptive-optimal 

control. At each sample by the current values of the time-varying state and output 

equation parameters, the discrete Ricatti equation is solved, and the solution is used for 

the control of the system. 

Assume that a time-varying discrete system can be modelled by the following 

n-state, m-input state equation: 

Given the state and the input measurements, x and u we wish to estimate the parameters 

of the state and input mamces, F and G. Let us re-write the equation (4-14) in terms of xk, 

as, 

Then the P state equation will be, 



or if, 
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n m 

(4-16) 

(4-17a) 

(4-17b) 

(4-1 7 ~ )  

Then we can use the same argument of MIMO case to have the following equations for 

the estimation of the unknown parameters: 

Kk = PJI,[HfP$Ik+Rk]-' 

&+,=&+K,[x:-H$$] with pb 1=1 . . . n 

P,, = P ~ - K J I ; P ~ + Q ~  with P, 
Hk+l = [x: . . . xk n 1  uk . . . u k ]  m T  

(4-18a) 

(4-18b) 

(4-18~) 

(4-184 

In the same way the p-output equation 

can be put into a parameter estimation scheme structure by the following definitions, 

to have the filter equations, 

(4-20a) 

(4-20b) 

(4-2Oc) 



H k = [ x k . .  1 . x k u k . .  n 1  . u k ]  m T  

Kk = PkHk[H:PkHk+Rk]-' 

@k+l = 8''+KkLyi-H:&i] with @, i=l . . . p 

P,, = p k - ~ p ; p k + e k  with P ,  

A .  A. 
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(4-21a) 

(4-21b) 

(4-21c) 

(4-21d) 

4.2 Computational Aspects 

Let us examine the gain and covariance update equations and how to implement 

them since the parameter update is relatively easier to handle with respect to the others. 

Recall equations (4-6a) and (4-6c): 

They have the common expression PkHk. If we rename this quantity with a temporary 

variable, Tk, then equations become, 

(4-23a) 

(4-23b) 

(4-23c) 

The efficiency of an algorithm is often judged by the number of operations 

necessary to carry one update of the parameters. Assume that the order of the state vector 

is N. Table (1) shows the required operations of each equation in the estimator. 

To summarize, for each application of the K h a n  filter parameter estimator 

scheme, Table (2) shows the total number of operations. The latter argument includes the 
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effect of a symmetric covariance matrix which obviously reduces the necessary 

operations. 

Table 1. Number of operations for the Kalman Filter Parameter Estimator 

Equation (*A (+,-) 

T k = p f l k  N2 N(N-1) 

K,=T,[HTT,+RJ-~ 2N N 

e,+ = ~ , + K ~ [ ~ ~ - H $ , I  2N 2N 
A 

pk+ l = p k - K k c + Q k  N(N+1)/2 N+N(N+1)/2 

Total 1 .5N2+4.5N 1 .5N2+3.5N 

I 

Table 2. Total operations for the Kalman Filter Parameter Estimators 

SISO n+m 1 .5N2+4.5N 1 .5N2+3.5N 
MIMO Ln+Mm 1.5#+(2.5+2L)N 1.5@+( 1.5+2L)N 
STATE n+m 3.5#+2.5N 3.5#+ 1.5N 
OUTPUT n+m 1.5P+(2.5+2p)N 1.5+( 1,5+2p)N 

To demonstrate the algorithm, we will take the case of SISO and apply the fdter 

(see Appendix C). Now we will simplify the above equations where P ,  is replaced by a 

linear array of length N(N+1)/2 to take the advantage of its symmetry. Consider the 

following mapping, 
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p22 

p32 p33 

PLINEAR = [Pll p21 p22 p31 p32 p33 * * * 1 

The location of the equivalent linear array is found from the symmetric array’s indices by 

the following equation, 

PmW(ix(i-l)/2+j] if i2j 

Pwhm(jx(j-1)/2+i) else 
P ( i , j ) =  (4-24) 

Notice that although we are introducing extra arguments to be calculated, the necessary 

storage is reduced from fl to N(N+1)/2 for the covariance matrix P,, and the remaining 

N(N-1)/2 storage can be used for the temporary variable Tk (N(N- l ) /21N for N23). 

Furthermore equation (4-24) requires only integer operations as opposed to the floating 

point calculations which are the most time consuming operations. 

Let us examine the evaluation of Tk‘ The Ph component of Tk is given by, 

So starting from the first element, the following sequences relate the referred indices of 

the covariance matrix to the index of the linear equivalent covariance array, 
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Z sequence 

1 ( 1, 2, 4, 7,11,16, . . . )  
2 ( 2, 3, 5, 8,12,17, . . . )  
3 ( 4, 5, 6, 9,10,18, . . . )  
4 ( 7, 8, 9,10,14,19, . . . )  
5 (11,12,13,14,15,20, . . . ) 
6 (16,17,18,19,20,21, . . . ) 

Then we can simpllfy this procedure by a recursive sequence formulation, s(ij3, because 

when it comes to evaluate the covariance matrix one needs the exact locations of the 

matrix indices and that can be simplified. 

The first column is given by, 

s(Z,l) = s(Z-l,l)+l-1, s(0,l) = 1. 

So s(l,l)=l+l-l=l, s(2,1)=1+2-1=2, s(3,1)=2+3-1=4, and so on. In the same 

formulation, the rows are given by, 

s(l,k-l)+l 1 SkSl 

S( I,k-1 )+k-1 k> 1 
s(1,k) = 

Thus for the third row, as an example, s(3,1)=4. Then 

s( 3,2)=4+ 1=5, s( 3,3)=5+ 1 =6, s(3,4)=6+4- 1 =9, s(3,5)=9+5-1= 13, etc.. 

If a similar argument is made on the evaluation of the covariance, which is rather 

simple after the recursive sequence is formulated, the algorithm can be simplified by 

taking the recursivity and the linear array formulation into account (see Appendix D). 
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Finally, we wish to consider the real time application of the above algorithms. It is 

certain that, as in every "current estimator", after the measurements are taken, a certain 

computation time must be taken into consideration. Only after the necessary calculations 

are made, a new estimate is available, and that might be a disadvantage where on-line 

adaptation is to be applied to the system. 

Consider the SISO case of section (4.1.1). Suppose that the Kalman gain Kk was 

already calculated before the measurements are taken. Then the estimates can be updated 

just after the measurements with a smal l  time delay for the necessary calculations. This is 

possible if the regressor Hk is not a function of the current values of the input and output, 

namely yk  and uk, which implies that d l  1. In that case we have the following filter 

equations: 

(4-254) 

(4-25 b) 
(4-2%) 
(4-254 

(62%) 

The t h e  indices of the gain equation are increased and placed properly after the 

covariance update equation. 

Now assume that Hk has terms involving the current values of input uk, then 

partition the matrices in such a way that most of the calculations can be done before ut is 

available. 

The following are the equations emphasizing the latter argument: 
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Tk=Tk+Pk [ :] 
6&=6&+ [ :]Tk+Rk 

In other words the above simplification ignores the effect of uk in the equations until it 

becomes available. 

4.3 Examples 

Consider the second order sampled data system (T4.05 sec) characterized by the 

difference equation, 

where the parameters a,(@, a,(k) and b,(k) are to be estimated based on input-output 

measurements. Figures (16),  (17) and (18 )  show the Kalman Filter (with 
h A 

Qk=lO-”I, P,=1031, e@), together with the IUS (with P0=1031, $=O) results for a 

Gaussian random sequence input (persistent excitation). No measurement noise is 
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assumed. The same system is simulated by a step input and the results are given in 

Figures (19), (20), (21). 

It is observed that, for the persistent excitation case, the Kalman Filter follows the 

step changes in the parameters, and converges to the actual parameter values. However, 

for the case where the system is derived by a step input, the estimates have offset values, 

but the number of discrete frequencies in the input sequence smctly affect the number of 

identifiable pare meter^(*^). Nevertheless, the Kalman Filter follows the changes in each 

case where the IUS estimator fails to respond to the parameter changes in both of the 

cases. Furthermore, a simple analysis shows that, the resulting transfer function given by 

the Kalman Filter estimates for the step input matches the actual transfer function for low 

frequency regions. 

Consider the following system (ball-in-the-hoop) given by the state equation, 

where 

r 
0.0 

0.0 F=lo*o 0.0 

= F  + G u(t) 

1 .o 0.0 0 .o 

-1.7518 -3.936 0.0 

0.0 0.0 1 .o 

-0.6029 -75.66 0.0 
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0.0 

29.094 

0.0 

100.14 
d 

G= 

The system is sampled at T=O.lO sec., and excited by a step input to identify the 

parameters of the state and input matrices. Five state measurements were taken (see 

Table (3)). 

Table 3. State measurements of "ball-in-the-hoop" system 

0.00 o.ooooO0 0.000000 -1.oooooo 0.000000 
0.10 0.154597 2.978369 -0.601010 7.439874 
0.20 0.570984 6.789393 0.302242 9.448706 
0.30 1.176426 5.2238 10 1.055641 4.641 170 
0.40 1.915283 7.950068 1.115215 -3.537536 
0.50 2.764527 9.048253 0.431920 -9.266817 

The estimates of the state and input matrices are given in (Appendix E) where the 

Kalman Filter was used as a parameter estimator. The final estimates (t4.50) match the 

parameters of the equivalent sampled data system. Also note that the order of the 

covariance matrix is 5(=4+1), not 20(=4*+4). 



59 

o.m 

k 5  ._____ 
SECOND ORDER SYSTEM [gousscon input1 .. mum F i m R  

I 

ESTIMRTES OF o1 - 
I .x 

I .E 

1 .E 

0.n 

0.W 

0.E 

.KuCtK 4-w-imi 

Figure 16. Kalman Filter vs RLS estimate of a,, (Gaussian input) 
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Figure 17. K h a n  Filter vs RLS estimate of u2, (Gaussian input) 
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5.0 THE ADAPTIVE PILOT MODEL 

In this chapter we will combine the adaptive pilot model with the discrete McRuer- 

Krendel human describing model derived in Chapter 2, the Root Locus criterion and the 

closed loop operating regions defined in Chapter 3, and the estimation scheme discussed 

in Chapter 4. 

In Section (2.3), the adaptation process was divided into two groups. The first was 

the detection and identification. The adaptive model that will be developed, will have a 

discrete time difference equation for the identification which is derived by the detector. 

The detector monitors the control displacement of the pilot and the rate of the error signal 

which is proportional to the controlled element’s output value. This can be through the 

instrumentation or through the senses or a combination. If there is any uncertdty in the 

detection, like trying to observe visual feedback in the dark, the identification must be 

done accordingly to include the effect of measurement error. 

The most important part of the adaptation procedure is the modification and 

optimization, although we can not separate any of the parts of the adaptation because any 

failure of one will directly affect the whole procedure. In Chapter 3, we related the 

closed loop human-aircraft modes to the adaptive pole-zero pair of the human response 

model as a function of the controlled element dynamics. The closed loop bandwidth has a 

nominal value which the pilot knows from his experience. He knows that if the controls 

are pushed faster than some value, which he must have estimated by that time, then the 

aircraft will be responding in a “sluggish” way or the responses will be too fast where 

there may be oscillations or the forces on the aircraft may be dangerous. If he fails to 
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react slower than some value, then the aircraft may fail to respond in time for the proper 

action. Thus the pilot knows what to do when it comes to maneuvering the aircraft. The 

responses can not be too slow or too fast but must be in the proper operating region. Any 

optimization must be within this region. If the aircraft denies any attempt to operate in 

that region, the pilot must decide to relocate the operating region as safely as possible. 

Keeping these facts in mind, our modification procedure must do the appropriate 

selection of the closed loop bandwidth, equivalently the dominant closed loop poles. The 

key element will be the necessary pilot gain required to perform a certain maneuver. If 

the pilot gain is bigger than some value, then closed loop pole must be changed. This can 

be related to the gain equation (3-15) of Section (3.1). The pilot gain is proportional with 

the magnitude of the denominator dynamics and inversely proportional with the 

numerator dynamics of the controlled element. A big gain then indicates that the 

controlled element has some resonances at the desired closed loop frequencies. Relating 

the latter argument to the root locus is the case where the pole and the open loop system 

zero of the plant are very close to each other. 

On the other hand, if the required pilot gain is too small, this indicates that the 

plant has already modes at the desked closed loop location. This might be dangerous 

because the pilot can not maintain control. The aircraft responds, but the pilot is not 

totally in charge. 

Therefore in any of the above cases, the judgment must be made on the desired 

operating poles. Once the selection does not contradict the limits of the region, then the 

necessary phase required from the adaptive pole-zero pair is determined. The rest is the 

optimal solution for the pole and zero that will satisfy the phase constraint and minjmize 
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t t 

the error signal. The corresponding procedure defining our adaptive pilot model is given 

in Figure (22). 

I I 

t 
C l a d  loop band&dtb and dunpiag 

Figure 22. The Adaptive Pilot Model 

Let us examine the processes in the adaptive model. As soon as the error signal is 

active, the adaptation begins. The error signal is held until the current information is 

processed and the control is applied. The error is then delayed because of the pilot's 

visual lags. The current estimate of the controlled element dynamics from the K h a n  

fdter estimator is used to get information on the frequency content at the desired closed 

loop pole. This pole is the nominal operating value. Since we related the adaptation to the 

root locus criterion, the estimate of the open loop transfer function is used to evaluate the 

value of equation (3-8). This gives the part of the phase necessary which is not 

determined by the pilot in equation (3-9). Then the type of gain is selected depending on I 
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the relative change of the primary response variable. The difference gives the phase that 

must be provided by the adaptive pole-zero of the human response mechanism, but first 

the absolute magnitude of the gain must be checked to make sure that pilot does not use 

the limits of the controls, or he does not have to provide extensive gain to move the 

controls. If the latter occurs, then this requires the pole-relocation procedure. Until the 

gain is in the allowable limits, the closed loop pole is moved in the operating region. 

Then the phase required by the pole and zero pair is fured. The rest is the optimization 

problem. The values of the zero and pole are searched that will minimize the error signal 

and at the same time supplying the desired phase difference to close the loop at the 

desired closed loop pole. After the adaptive part of the human response is evaluated, the 

output is sent to the neuro-muscular equivalent of the model which sends the appropriate 

commands through the nerves to the muscles to perform the desired task. Finally the 

adaptive model is ready to process another error signal, and this goes on until the steady 

state is reached or the desired maneuvering is fulfilled. 

The problem now is to give the model some initial knowledge to start the 

algorithm. This is the analogy to pilot training. The adaptive model needs some initial 

values of the model parameters so that they will be used until adaptation is necessary or 

the estimators converge to give reliable estimates of the controlled element dynamics. 

Nevertheless, this is a primitive attempt to describe pilot training. A real pilot, depending 

on the scenario, would not only adjust the initial values of parameters (Hp(s;f=fg)), but 

also start the control sequence properly ( (  u,(t); t o S t S T f ) ) .  Unfortunately, we do not have 

the starting control sequence, but an expert system would. 

The initial parameters are calculated, as we mentioned earlier, by aircraft testing at 

the desired flight envelope and using low order approximations to design the pilot 
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parameters via root locus techniques. These are used as the static part of the pilot model 

which are subject to change. This is actually what happens in real pilot control. The pilot 

has a pre-determined idea of how the aircraft will behave at that operating region. So he 

moves the controls depending on this information. But if he fails to succeed in the 

maneuvering, by monitoring the input-output relationship, he adjusts to the changing 

environment. The flowchart in Figure (23) demonstrates the adaptation algorithm. 

To conclude this chapter we will mention the multivariable manual control case. 

The pilot actually resorts to controls depending on the configuration and he uses the best 

combination possible to maintain the controllability, stability and the performance. This 

means that he can, and will, use more than one control at a time; for example while in the 

coordinated turn he uses the longitudinal and lateral sticks by one hand, the rudder pedals 

by his feet, and the throttle or nozzle settings by the other hand whenever necessary. We 

will simulate this multivariable control case by having more that one single variable loop, 

each closing the loop from the primary response variable to the corresponding pilot input. 

The multivariable pilot loops are shown in Figure (24). This seem to be a good 

approximation where the pilot is required to fulfill simple maneuvers over the aircraft 

speed, altitude or the angular positioning. Although the single variable loops do not 

affect each other directly, one’s output will change the other through the dynamic 

equations. Furthermore we will add constraints about the behavior of the aircraft state for 

the optimization problem of each one of the adaptive loops so that better results can be 

obtained. In the next chapter, we will give some examples on how to design the static 

pilots and simulate them in the Harrier AV-8B environment to perform simple tasks. The 

control loops will be multivariable loops. We will compare the static pilots by the 

adaptive pilots and discuss the results. 
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Figure 23. Flowchart of the adaptive pilot model 
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Figure 24. Multivariable pilot configurations 
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6.0 PILOT INSERTIONS 

6.1 Selection of the control sets 

An analysis of the Harrier AV-8B control system suggests the following: since the 

aircraft is symmetric, any movement of the longitudinal stick (to the elevator or 

stabilizer) creates longitudinal motions. Engine nozzle angle, which is the most important 

aspect of thrust vectoring, a unique feature of the Harrier AV-gB, is also symmetric. 

There are four nozzles, having two symmetric openings on each side of the aircraft, but 

not creating any lateral moments since only forward and downward components of the 

force changes in the equations of motion. Thrust, which affects the magnitude of the 

forces at the nozzles, must also have longitudinal effects since it is only adding force in 

the direction of the main thrust vector. Therefore the longitudinal pilot is characterized 

by controlling the stabilizer (longitudinal stick), engine throttle setting and nozzle angle 

setting. We will now investigate the primary variables of the longitudinal control set 

which means that by checking the responses of the aircraft, the primarily affected states 

from the control input are to be selected. 

Let us examine the stabilizer fmt by testing the longitudinal stick through 

impulses. These tests will be taken from a trimmed flight condition which is very 

important. A trimmed aircraft is in equilibrium, and there are no accelerations (except the 

turbulances or changes in the relative wind) so that at this configuration small 

perturbation analysis can be performed. The length of the window is also important. As 

we mentioned earlier, the short period responses of the aircraft are perceptible to the 
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pilot. Furthermore since these tests are taken without a pilot in the loop, just the insertion 

of the required input sequence to the control units, the aircraft will go out of the trim 

conditions because of the disturbed motion unless new trim settings are determined. To 

summarize, we first trim the aircraft and then insert impulses to the controls one at a time 

and observe the aircraft responses within a small time window of three or may be four 

seconds length. This time interval will define the response of the aircraft shortly after the 

pilot has commanded. Also we will avoid numerator dynamics whenever possible in 

order to obtain simple all-pole transfer functions. 

Consider the initial aircraft parameters, (~,0,Y)=(0.0°,6.00,0.00), at 20.0 knots, 

with nozzles directed at 81.77', 100 ft. above sea level. This is a low speed configuration 

in the transition region to the high speed mode where nozzle angles are close to vertical, 

pointing downwards, which means that most of the thrust is used for the lifting of the 

aircraft. This is an advantage of the Harrier AV-8B aircraft. By directing the nozzle 

angles, it can fly at very low speeds without any difficulty. 

Figures (25), (26), (27) and (28) show the pitch, pitch velocity, altitude and the 

airspeed responses of the Harrier AV-8B for the longitudinal stick impulse. The stick 

movement changes the elevator (stabilizer) angle. There is also the effect of front and aft 

RCS valves, but we will consider the combined effect since the pilot observes these total 

changes in the responses. 

Altitude change is almost negligible. The speed drop is approximately 0.1 knots 

per second, but this is also a side effect of pitching up. The pitch angle of the aircraft 

increases the vertical lift component of the thrust at the same time decreasing the forward 

thrust vector which as a result drops the forward velocity. This causes the relative speed 
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of the aircraft to drop si@icantly. Similarly, if the aircraft was pitching down, with only 

the stabilizer, then the speed would tend to increase. 

The primary response of the stabilizer, and the main purpose, is the control of the 

pitch angle. This seems mvial because by adjusting the elevator angle, equivalently by 

directioning the "nose" of the aircraft, pitching moments are applied thus changing the 

pitch angle. If the pilot needs to pitch-up, he must pull the longitudinal stick. Conversely 

he pushes the stick to pitch-down. So the primary response is the pitch angle, and the 

remaining changes in altitude, forward and downward velocities, angle of attack are 

disturbances to be regulated for the case of the longitudinal stabilizer input. 

From the control point of view, the pitch velocity response can be approximated by 

a first order pole which reduces the transfer function from the longitudinal stick to the 

pitch rate to be, 

- 0 c  

The pitch angle is then given by the pure integration of the pitch rate: 

- 0 c  

Next we will analyze the nozzle angle setting. Figures (29), (30), (31) and (32) 

show the airtped, altitude, pitch angle and the pitch rate responses for a positive impulse 

on the nozzle angles. Slowing of the aircraft is reasonable since increasing nozzle angle 

means more power for lifting as in the case of a pitch-up command. While the pitch angle 

and altitude do not change too much, we notice a step-like response in the airspeed. The 

primary response then is observed to be the airspeed and this assumption codurns with 
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the Harrier AV-8B pilots. In fact, it seems obvious that by changing the effective angle of 

the main thrust vector, all the body axis forces of the aircraft change, and it is the fastest 

way to change the speed. However, the nozzle setting can also be used to control the 

altitude since by changing the downward speed component, the altitude can be adjusted. 

Also changes in nozzle angle setting applies pitching moments to be regulated. 

The speed response can be approximated by a step within the region of our interest, 

resulting, 

(6-3) 

Once again the other responses will be the regulating set. We must mention that the pilot 

may wish to control the aircraft, say the pitch angle, through the controls of the nozzle 

angles. That is possible, but we are only trying to model the most common configurations 

of the aircraft control mechanism. Of come  the latter case can be modelled as a separate 

mode, and transfer functions can be obtained. However, it will not be a regular scheme. 

In Section (1.2) we mentioned that the throttle setting is the most common input for 

altitude control. If the altitude is being controlled, then the feedback is from the altitude 

response. Otherwise, if the constraints are on the rate of the altitude, then the feedback is 

taken from the altitude rate response of the aircraft. Figures (33), (34), (35) and (36) 

show the rate of the altitude, altitude, pitch angle, and the airspeed results for a positive 

throttle impulse which controls the flow of the fuel to be combusted in the engine. Unlike 

the nozzle angle control, no noticeable effect can be seen in the pitch or the speed and 

that is the main reason for its use in altitude control. The approximated transfer functions 

are as follows: 
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A second order response is observed in the altitude rate, and altitude is the pure integral 

of this signal. Once again if the desired command is a change in the altitude, then altitude 

will be the feedback element. On the other hand, if the primary concern is on the rate of 

climb or descent, then the rate of the altitude is used in the feedback control. 

The lateral control set is the lateral stick, which includes the effect of ailerons, and 

the RCS valves, and the rudder operated separately from the lateral stick through the 

pedals. The same aircraft with the initial rates is subjected to a positive impulse input at 

the ailerons, and Figures (37), (38), (39) and (40) show the corresponding roll angle, roll 

rate, yaw angle and the yaw rate responses. The primary response in this case is the roll 

angle. Transfer functions are estimated to be, 

The sideslip, yaw, yaw rate and roll angle changes are given in Figures (41), (421, 

(43) and (44) for a positive rudder pedal impulse. The sign of the rudder pedal input in 

this case implies the right or left pedal movements. Notice the change of the sideslip 

angle. Zero sideslip is very important, and it must be fulfilled whenever possible because 

it changes the aerodynamic behaviour of the aircraft. From outside of the aircraft the 

vehicle seems to slide in a direction not parallel to the fuselage. The wind then is exerted 

by an angle to the aircraft. 
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The primary response of the rudder is the sideslip angle for coordinating a turn and 

yaw angle for heading adjustments which can be approximated by the transfer functions 

given by: 

Thus we have examined all the controls supplied to the Harrier AV-8B pilot. 

However, there are also the assisting devices provided to the pilot like the SAS switch. 

The SAS unit adds a single pole to the mechanism and closes a feedback loop to the 

control unit before it is connected to the pilot stick input. This is a very limited control. In 

most of the cases the effect of the SAS control is within a 5% range so that it does not 

interfere with the pilot control so the pilot has full authority on the aircraft. But in cases 

where the pilot does not hold the stick continuously and incremental adjustments must be 

made to compensate the phugoid or the spiral mode, the SAS becomes quite useful. 

Although it can not hold the current configuration of the aircraft for a long period 

because of its limited authority, the SAS devices are used commonly at low speeds by the 

pilots. For that reason we will assume that the SAS is fully engaged in our simulations 

while using the Harrier AV-8B simulation program provided by NASA-Lewis. The 

above responses used for the approximate transfer function analysis were also taken with 

the SAS switch activated. Let us add that the SAS unit is inoperative at high speeds and 

high speed configuration is a very sensitive operating region. Therefore we will insert our 

pilot models to the simulation program at low speed operating conditions. 
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Figure 43. Yaw rate response to a rudder impulse 
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6.2 Static Pilot Runs 

As mentioned earlier, the static pilot parameters are calculated off-line using the 

time and frequency data of the trimmed aircraft at the desired initial flight conditions. 

The selection of the static pilot parameters will also affect the adaptive pilot since the 

experience of the adaptive pilot is provided by the static pilot. We will later illustrate this 

by varying the activation time of the adaptive pilot which is the adaptive pilot of Chapter 

5 .  

The Harrier AV-8B is trimmed at 25 knots with the initial angular positioning 

(~,0,Y)=(0.0°,6.500,0.00) at 100 ft. above sea level. The same analysis of Section (6.1) 

is applied to the impulse response data, and the following discrete pilot parameters in 

equations (6-7a), (6-7b), (6-7c), (6-7d) and (6-7e) are calculated to close the longitudinal 

stick through the pitch angle, lateral stick through the roll angle, rudder pedals through 

the heading, nozzle angle setting through the airspeed and the throttle setting through the 

altitude, respectively. Equations (6-7a), (6-7d) and (6-7e) define the longitudinal 

directional pilot. Equations (6-7b) and (6-7c) define the lateral directional pilot. 

(z-'-0.942-*) 
&z-') = 0.2P 

9 (1-0.60652-')( 1-0.7778r') 

(2-'-0.93~'~) eo4z-') = 0.693 172" 

~y(z-')=0.54017z'' ( z-'-0.94i2) 

f h j ( 2 - ' )  = - 0 . 4 ~ ~  

lfm(2-l) = 1 .46997z4 

(1-0.60652-')( 14.224752-I) 

( l-O.60652-')( l-O.45535f') 

(~-'-0.605~-~) 
V (l-O.6065z-l)( 14.62-') 
UI 

(2"-0.965~-~) 
( 1 -O.60652")( 1-0.8795 22-9 h 

(6-74 

(6-74 
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First, the longitudinal pilot was commanded a +loo pitch response and required to 

hold the speed of the aircraft. Almost downward pointing nozzles will cause a si@icant 

loss in the speed by pitching-up so the constraint on the relative speed of the aircraft 

becomes essential. Figures (45) and (46) show the pitch angle and the airspeed responses 

of the aircraft. The loop associated with the pitch angle is type-1, so the steady state error 

is almost zero, but the speed loop is type-0. This is why there is approximately 10 knots 

drop in the speed even though the pilot was required to hold the speed at 25 knots. To 

overcome this situation, the pilot’s adjustable pole can be shifted as close as to z=1, so 

that the error is minimal, but a type-1 loop in the speed causes a very sluggish response. 

Any oscillations in this loop must be avoided. For that reason, we will ignore this steady 

state error. A following argument is that, if the pilot senses the final value of the speed, 

he can always change his reference so that the gap can be compensated. The pilot’s 

performance is shown in Figures (47) and (48). The latter are the corresponding control 

movements of the pilot models to obtain the responses of Figures (45) and (46). 

In the next scenario, the altitude pilot is activated to achieve a +10 ft. altitude 

command after t=5.0 sec. The resulting pitch angle, speed, and the altitude responses of 

the aircraft for the three-variable pilot model are given in Figures (49), (50) and (51). The 

corresponding control movements are shown in Figures (52)’ (53) and (54). This 

example shows how efficient the single variable loops act as a complete multi-variable 

pilot model. 

Let us examine this simulation. First the pitch pilot receives a command to adjust 

the pitch angle of the aircraft and acts on the longitudinal stick. The change in the aircraft 

state is sensed by the nozzle and altitude pilots and they act on the controls to regulate 

these changes caused by the pitch pilot. Then at t=5.0 sec., the altitude pilot receives an 
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increase in altitude command by 10 ft. and acts on the throttle as a primary control 

mechanism not to regulate. The changes in throttle affect the aircraft state once again, 

and the pitch pilot and nozzle pilot react to regulate the disturbed motion caused by the 

altitude pilot until the steady state is reached. 

In addition to the pitch, altitude, and speed loops, we will add to the above case a 

coordinated heading change maneuver where the heading of the aircraft is to be adjusted 

with rudder movements while the longitudinal stick holds the pitch angle, the lateral stick 

minimizes the roll angle, and the throttle setting is used to maintain the altitude of the 

aircraft. Also the nozzle angle setting will be used to regulate the aircraft speed. 

Therefore, this maneuver requires all of the five main control mechanisms to be used. 

I 
I 

~ 

I 

The pilot is required to change his heading by + 5 O  in approximately 5 seconds, 

after t=10.0 sec. Another constraint becomes effective for this case where the disturbed 

roll of the aircraft, due to the yaw-roll coupling, must be regulated although small in 

magnitude. The pitch, yaw, roll, speed and altitude responses for the above simulation are 

given in Figures ( 5 3 ,  (56), (57), ( 5 8 )  and (59). The corresponding control movements of 

the pilots are given in Figures (60), (61), (62), (63)  and (64). 
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63 Adaptive Pilot Runs 

Now that we have simulated and verified the static pilots, we will investigate the 

behavior of the adaptive pilot model. In order to simulate the adaptive pilot model, we 

chose r,=0.90fJ0.10 to be the desired dominant close loop operating poles 

corresponding to a damping ratio of 0.6676 and an undamped natural frequency of 2.973 

rad/sec which is in the middle of the %est" rated region of Figure (2). Recall that the 

adaptive pilot compensates the necessary phase to close the loop at z,=0.90fJ0.10. For 

that reason, the model relocates the adjustable pole/zero pair of the discrete human 

response model of equation (2-5), in such a way that the phase contribution of the pole 

and zero gives the necessary compensation. We also mentioned that there is no unique 

solution to this problem. Therefore, our criterion was based on the location of the 

adjustable pole, a. The pole, a, is moved towards the origin z=O, as a function of the 

required phase. The zero, y, is then chosen accordingly, and a table look-up was designed 

to store the values of the pole/zero values for specific conditions. Therefore, in the 

simulation, after the infomation of the phase be to compensated is available, the model 

searches the table to find the appropriate values of a and y. Although there is no proof to 

the latter argument, we have mentioned that an experienced pilot is almost deterministic 

in his responses, knowing how to react and when to react at various configurations as is 

our model. 

Figures (65), (66), (67) and (68) show the pitch angle and speed responses of the 

aircraft, longitudinal stick and nozzle setting movements of the adaptive pilot model 

where the adaptation starts at t=5.0 sec. The adjusted pole/zero and gains of the pilot 

model are given in Figures (69), (70), (71), and (72). Three numerator and three 

denominator coefficients are used in the identification process of the adaptive pilot model 
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where the controlled element dynamics is estimated. A rather interesting behavior is 

observed in the adaptive model's output. As soon as the adaptation starts, the model 

applies very rapid, approximately symmetric, push-and-pull type of movements to the 

controls until it can identlfy the information related with the controls. This is not an 

actual "learning" process, in the sense that the model acts deliberately on the controls to 

identlfy the system modes, but it is a result of the current information available to the 

model. Suppose that a human is given an adjustment stick that is attached to a spring- 

mass system where he is subjected to a control task to find the equilibrium value of the 

stick that will balance the mass. If he has no idea of what to do, the first response of the 

human will be to move the stick forward and backward, simultaneously, until the desired 

action is performed. The same situation applies to a human guiding a car, for example. 

For heading maneuvers, the human knows the boundaries of the steering wheel. To make 

a right turn, in his furst attempt, he may push the wheel more than the optimum value, but 

if such a case happens he will pull the wheel back, rather in a panic, rapidly correcting his 

action. Although it is hard to prove such an argument, we find a close relationship 

between the learning process of a human and the output of the adaptive model. However, 

we must also note that this type of learning may be dangerous in some of the cases. 

Also, when compared with the same static, two-pilot configuration in Figures (451, 

(46), (47) and (48) the adaptive pilots performed better. Especially, the nozzle setting 

pilot, has better steady state response where it is required to hold the speed of the aircraft 

due to pitch changes. The static pilot stabilized at approximately 15 h o t s  while the 

adaptive pilot converged to a steady state value of approximately 23 hots.  

Figures (73), (74), (75), (76), (77), (78), (79), and (80) show the results when the 

adaptive pilots are activated at t=2.0 sec. This case clearly shows the importance of the 
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static pilot performance. If the adaptive pilot is not given sufficient time to converge its 

parameters, the adaptation results are not better than the static pilots. In the absence of a 

decisionmaking, adaptive pilot will not perform efficiently. 

However, once the adaptive pilot parameters converge, the pilot can respond to 

maneuvers, and his performance can be compared with the performance of the static 

pilot. Figures (81) through (118) compare the adaptive and the static pilot performances 

for five different scenarios. 

Figures (81), (82), (83), and (84) show a pitch-up response followed by a speed-up 

and a pitch-down maneuver performed by the adaptive and the static pilots. Notice that in 

both pitch and the speed loops the adaptive pilot has better steady state errors. The 

longitudinal stick and the nozzle angle setting pilots are adaptive after t=5 sec. 

Figures (85),  (86), (87), (88), (89), (90), (91), (92), (93), and (94) show a +lo" 

pitch-up followed by a coordinated +5" heading change with a +loft. altitude change 

maneuver and at the same time the speed of the aircraft is to be regulated by the nozzles. 

The aircraft is constrained to have a 0' roll angle to coordinate the heading change. The 

longitudinal stick and the rudder pedal pilots are adaptive after t=5 sec. and t=15 sec. 

respectively . 

Figures (95), (96), (97), (98), (99), (loo), ( l O l ) ,  and (102) show a pitching, 

yawing, and a speed-up with 0" rolling maneuver where al l  the loops are closed with the 

adaptive pilots. The longitudinal stick and the nozzle angle pilots become adaptive after 

t=5 sec. while the rudder pedal and the lateral stick pilots are adaptive after t=25 sec. and 

t=28 sec. respectively. 
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Figures (103), (104), (105), (106), (107), (lo@, (109), and (110) show a rolling 

based maneuver with 0' heading constraint. Figures ( l l l ) ,  (112), (113), (114), (115), 

(1 16), (1 17), and (1 18) show a similar scenario where the adaptation times are given by 

t=5 sec. for the longitudinal stick and the nozzle setting pilots, t=40 sec. and t=43 sec. for 

the rudder pedal and the lateral stick pilots, respectively. 
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configuration, adaptive after t=5 sec 
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6.4 Matching Actual Pilot Data 

Some actual pilot data was provided by NASA-Lewis for the evaluation of the 

computer pilot simulations and comparisons. We chose the vertica tracking task where 

the actual trained pilots were subjected to vertical maneuvers over the aircraft. In order 

to simulate such a case, a careful reasoning of the actual pilot reaction must be 

undertaken. It is very important to be able to choose the primary responses of the aircraft 

to be consistent with the actual pilot commands. The concern becomes "why" and 

"when". After a careful analysis the altitude, and the heading (yaw) were found to be the 

primary response which the pilot is controlling. The others, like the pitch, roll, and speed 

were constrained to have magnitudes within an allowed region to be consistent with the 

actual data. The actual aircraft was sitting on the ground with no thrust. The pilot 

activated the throttle at t=15 sec. and continued to gain altitude until h=80 ft. He 

maintained his altitude until t=75 sec., when he started a descent to h=40 ft. and went 

back to h=80 ft. after t=105 sec. Meanwhile at t=25 sec. the rudder pedals were activated 

by the pilot to change the heading of the aircraft which started at 15". The heading 

changed in a ramp-like behavior when the pilot finally decided to stop the heading of 70" 

at t=55 sec. AU the time and relative aircraft parameter references are approximate. Due 

to some limitations of the simulation environment, our simulations had to be given 

approximate aircraft parameters like the initial speed, altitude and angular positions, but 

unlike the actual aircraft, without thrust the aircraft would have crashed if we did not trim 

the aircraft so that it will stay at approximately 5 ft. in the air. In the simulation, all 

aircraft parameters are calculated with respect to the center of gravity (CG), and 5 ft. 

corresponds to the altitude of the CG. Although the actual aircraft is on the ground with 

an CG altitude of 5 ft., the same situation applies to an aircraft at 5 ft. above the ground 

in the simulation. The actual pilot waited for 15 sec. before the he activated the throttle 
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but since the aircraft was on the ground, neither the altitude nor the speed of the aircraft 

did change. On the other hand, in a similar scenario, the same aircraft being simulated in 

the simulation environment crashed due to the lack of the thrust. For that reason, our pilot 

will have an initial thrust corresponding to a throttle setting that will trim the aircraft. 

We used the static pilot transfer functions of equations (6-7a), (6-7b), (6-7c), 

(6-7d), and (6-7e) to close the loops with the decoded references of each loop 

corresponding to the above observations of the actual data. We did not use the adaptive 

pilot algorithms because of the fact that the adaptive pilots may cause undesirable 

responses w i t h  the "adaptation" process and may carry-off the aircraft to a 

configuration other than the one being simulated. The decoded reference here means the 

appropriate selection of the reference signals of the single-variable loops. For example, 

the heading loop was given a ramp signal at t=25 sec. and a step input at t=75 sec., so the 

rudder pilot will try to follow these references and minimize the error just like the actual 

pilot. However, the rudder pilot had some difficulties in controlling the heading angle in 

the simulations. In order to examine the actual pilot parameters, we subjected the rudder 

pilot data of the actual pilot response to the discrete time McRuer-Krendel model where 

the pilot pole, zero and gain were estimated. The analysis revealed a discrete pole at 

approximately, z=-0.45. This was a surprising result, and explained the failing behavior 

of our rudder pilot model in this particular case. Throughout the analysis, we assumed 

that such a pole can not exist in the model since all the poles are expected to be positive 

and stable, resulting in the fact that the poles and zeros of our pilot model should be 

located between z=O and z=l, inside the unit circle. Another observation is that this pole 

has almost the same magnitude with the rudder pilot model of equation (6-7c) but has an 

opposite sign. Therefore, by using the approximated rudder pilot parameters given in 

equation (6-8), 
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we obtained results which were very close to the actual pilot data. Figures' (119), (120), 

(121), (122), (123), (124), (125), (126), (127), and (128) compare the actual and 

simulated aircraft responses and the control movements of the actual pilot and simulated 

pilot models. As we mentioned earlier, the pitch and roll loops were not primary 

responses of the aircraft for this case. For that reason, these responses of the actual and 

simulated aircraft do not match exactly, but in the average sense the responses follow 

each other. Furthermore, in actual pilot control case, any longitudinal movement of the 

stick may have non-zero effects on the lateral stick due to human limitations, and vice 

versa. The human pilot may want to move the stick only in the longitudinal direction, but 

this may cause the activation of small lateral movements. However, the simulated pilot 

will not have this kind of behavior unless it is told so. That is why, as soon as the human 

pilot activates the longitudinal stick, the lateral stick also has small movements which 

result in small changes in the roll angle of the aircraft. Figure (124) compare the 

longitudinal stick input of the pilots. Notice the very close behavior of the pilots. Since 

both pilots are giving full thrust to gain altitude (refer to Figure (127)), the aircraft will 

pitch-up. The pilot must then use the stick to regulate the pitch. Figure (124) shows that 

both pilots push the stick in the same manner to compensate the latter. The roll responses 

of the actual and simulated cases have same boundaries but due to the reasons explained 

before they are not exactly the same. However, the altitude and heading responses follow 

each other closely, being the primary responses of the simulated case. The throttle 

settings are also very close to each other. Both pilots require full thrust from the aircraft 

for fast altitude changes. Notice that the throttle setting of the actual pilot starts from 0%, 

*The actual pilot m@ol inputs had initial offsets and were shifted to origin for comparison purposes 
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while our pilot starts from approximately 75%, due to the startup conditions. The rudder 

pedal inputs are approximately same for a period, but as the configuration of the aircraft 

changes, the responses differ, although they both fulfill the heading requirements. Also, 

the nozzle setting of our simulated pilot had to be adjusted slightly to stabilize the speed 

changes, but once again in the average sense the actual pilot nozzle setting and the 

simulated nozzle setting follow each other. Finally, we should mention that it is not 

surprising to expect some differences from the actual pilot data. While the actual pilot is 

using all his training experience and skills, our model has only five, second-order transfer 

functions to simulate the human pilot. However, the responses are remarkably close to 

each other, and the pilot models can in fact control the aircraft, similar to the human pilot. 

Figures (129), (130), (131), (132), (133), (134), (135), (136), (137), and (138) 

compare the static pilots with the actual pilot data for a lateral tracking task, and Figures 

(139), (140), (141), (142), (143), (144), (143, (146), (147), and (148) show the adaptive 

pilot performances for the same maneuver. As we mentioned before, after the adaptive 

pilots converge, the responses are similar. 
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Figure 130. Actual vs simulated roll response (from NASA data) 
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Figure 138. Actual vs simulated nozzle setting input (from NASA data) 
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Figure 146. Actual vs simulated rudder pedal input (from NASA data) 
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Figure 147. Actual vs simulated throttle setting input (from NASA data) 

Figure 148. Actual vs simulated nozzle setting input (from NASA data) 
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7.0 CONCLUSION 

I 
I 
I 

7.1 Results and Discussions 

We have developed an adaptive human response model for compensatory type 

feedback systems. Although the adaptation of a human will not necessarily be the 

adaptation of our model, the model is based on physical evidence. The model is verified 

in a non-linear aircraft simulation environment closing all the control loops generally 

closed by the Harrier AV-8B pilot. Though simple in approach, the de-coupled, multi- 

variable control structure consisting of single variable control loops fullills the 

requirements. This can be related to the basic idea in the design of the aircraft control 

mechanisms. Each control unit is coupled to the quasi-totality of the aircraft dynamic 

equations, but each control unit has a "primary" response perceived by the human pilot. 

For example, rolling moments are created by the lateral stick and equivalently by the 

lateral movements of the main stick. But as the roll-yaw coupling is excited by increasing 

the roll angle, the heading as well as the sideslip, the pitch angle, and the altitude of the 

aircraft are disturbed. Then the rudders are used to supress the roll-yaw coupling, the 

throttle setting is used to hold the altitude, and the longitudinal stick is activated for the 

pitch angle adjustments. It is clear that, the secondary controls are for the regulation of 

the disturbed modes of the aircraft. The other aspect is the "parallel processing" 

capability of the human structure. Each single variable control loop can be thought as one 

parallel processing unit related for one specific purpose but actively monitoring the other 

control loops. 
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The first step in the model development is the compilation of the physical data 

where the typical behavior of the human pilot is analyzed within the process of 

controlling the aircraft. The control mechanisms and their effects are carefully examined. 

The importance of this stage is inevitable because it is that particular behavior of the 

human pilot that we wish to be able to predict and to model the human pilot's appearance 

in the aircraft by means of mathematical equations. 

The findings are that, the human pilot uses feedback, sensing and estimating a l l  the 

information he could get through or without the instrumentation as well as deciding 

experiencing and remembering his performance. Not all the information is used for the 

control process. He also has constraints on the aircraft variables. His aim is to stabilize, 

re-position, and follow trajectories without risking the aircraft meaning that he should 

avoid dangerous maneuvers. The combat pilot may not be in this category. 

These constraints lead to classical control concepts like the settling time, 

overshoot, rise time, closed loop bandwidth, and damping ratio. This is where we branch 

to the area of mathematics from physics. Fortunately, many successful studies have been 

done on the handling qualities of pilots throughout the years. 

Then we assume the existence of a "human-describing function" in the sense that 

the model will generate outputs similar to that of the actual pilot in a similar 

environment. The response must be approximately the same in the frequency domain and 

preferably the same in the time domain. 

The third step is the simulation where we place this model in a feedback type 

control loop. There, the open loop is described by the pilot model and the aircraft 

dynamics. 
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We chose a well-developed and documented, low order human response 

mechanism proposed in the late 1950's by D.T. McRuer and E.S. Krendel. This model 

was a result of a controls approach idea, to the human response, that began by Tustin. 

The human operator in the control loop of a feedback system is assumed to compensate 

the open loop transfer function, being capable of integrating and differentiating, while 

moving the closed loop to the desired operating regions. 

The McRuer-Krendel model has variable parameters and ranges of the parameters 

to model the adaptivity of the human response. However, the selection of these 

parameters is rather complex and not trivial. In their studies, McRuer and Krendel 

showed that by appropriate selection of these parameters, within the frequency region 

assumed to be the bandwidth of the human mechanism, the model can fit a variety of 

experimental data. 

As mentioned earlier, studies on the pilot handling qualities relate the closed loop 

bandwidth and damping to the pilot performances. This idea is used to apply the root 

locus technique to select the human response model parameters that will close the control 

loop of an aircraft control mechanism with the desired damping and band~id th(~) ( '~) ( l  l). 

As a part of this research, simulation programs were provided by NASA-Lewis, where 

they were used to get information of the aircraft control mechanisms, and the open loop 

aircraft transfer functions by injecting control sequences to the specific control surfaces 

of the aircraft. The resulting data is analyzed to approximate low order transfer function 

models of the aircraft dynamics both in time and frequency domains. The low order 

approximations were used in conjunction with the human response model in the root 

locus method to select the pilot parameters. However, once the model parameters are 

chosen, the model becomes static and capable of only operating at that specific flight 

configuration which the approximate transfer function was taken. 
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We studied the adaptation process of the human pilot and concluded that the 

typical adaptation involved detection, identification, optimization and modification 

processes. By appropriate assumptions, these four concepts led to an adaptive human 

response model. We related the detection to the pilot senses. The identification was a 

parameter estimator where the open loop aircraft dynamics were approximated by low 

order discrete transfer functions. The proper selection of the model parameters was 

related to the optimization where constraints like closed loop bandwidth and damping, as 

well as stability and minimum steady state error criteria were applied. Finally, the 

optimal model parameters were used to m o w  the human response model. 

In order not to go back to the s-domain from the z-domain by approximate 

transformations, we transformed the human response model into the z-domain. There, 

concepts like the sampling theorem and step invariant transformation were effectively 

applied. The sampling theorem was used to make sure that the bandwidth of the human 

response model was preserved in s to z transformation by putting constraints on the 

sampling time consistent with human limitations. The step invariant transformation used 

the fact that the pilot’s error information and corresponding control displacement were 

approximately constant for a brief period of time during which the decision and action of 

the pilot took place. Also, the discrete model had some advantages over the s-domain 

model. Thus, we had the basic modules of the adaptive model. 

As in every adaptive control system, we needed a rule for the adaptation. The 

human response model has an adjustable pole-zero pair which corresponds to the lead-lag 

network compensator of the s-domain McRuer-Krendel model, a neuro-muscular pole 

constant, a gain, a delay and a remnant. We assumed a zero remnant based on the 

observation that an experienced pilot will behave almost deterministicly. Moreover, the 
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time delay and the neuro-muscular pole were assumed to be constants based on the fact 

that pilots with similar experiences would have similar behaviors. Therefore, the 

adjustable pole-zero pair and most importantly the pilot’s adjustable gain were to be 

subjected to the adaptation law. 

The solution in selecting an effective adaptation law was to use the root locus 

criterion on-line for the modification of the model parameters. As in an off-line root 

locus design procedure, first the desired closed loop pole is selected. Then, the phase 

contribution of each open loop pole and zero are calculated leading to the mount of 

phase to be compensated to force the closed loop system’s characteristic equation to have 

the desired closed loop poles, and that they are the dominant poles. Furthermore, the 

stability and phase margin requirements must be assured. 

The pilot gain does not have a sigmficant effect in the phase calculation, except 

that a positive or a negative pilot gain changes the phase constraint of the root locus 

criterion. The most important contributor is the pole-zero pair since neither the open loop 

dynamics nor the neuro-muscular bandwidth of the pilot model can be changed. They 

need to be re-located to give the necessary phase compensation. 

Not all the values of the open loop transfer function are required in the calculation 

involving the effect of the aircraft dynamics. Once the pilot gain is characterized in terms 

of the open loop transfer function this becomes more clear. The only information 

required to continue with the adaptation is the value of the open loop aircraft transfer 

function evaluated at the desired closed loop pole. The magnitude and phase of this 

complex number will be used in the root locus criterion to adapt the model. Therefore, 

although we use a parameter estimator to approximate the aircraft dynamics in terms of 
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transfer functions, only a specific frequency information of the transfer function is used 

in calculating the phase to be compensated by the pilot model. Also, it is used to define 

the pilot boundaries where the resonances of the aircraft dynamics at the operating region 

are monitored. 

We used a pre-calculated table look-up for the appropriate selection of the pole- 

zero pairs. Throughout the simulation, rather than calculating the necessary pole and zero 

that will fit the current requirements at each sample, the table is searched and the entries 

of that specific row are used for the adaptation. 

Once the adaptive pole-zero pair is available, the pilot gain is calculated and 

checked to prevent any excess gain to be provided by the pilot to the control mechanisms. 

This process is repeated at each sampling time, thus providing an on-line adaptive human 

response mechanism. Adaptive, since the aircraft dynamics are continuously monitored 

to sense any model changes due to the non-linearities, and human response, since the 

adaptation is constrained on the values of the human describing function model which 

has a similar bandwidth and frequency response as the human pilot. 

We needed initial pilot parameters to start the algorithm. For that reason, we 

assumed that these initial parameters will reflect pilot’s experience and his knowledge of 

the aircraft. In general, the control process of the human pilot has two stages. First, the 

available information is used to activate the control. Any differences of the controlled 

element behavior than the predicted one are corrected in the next stage. That is more 

likely where the adaptation process occurs. However, it is essential that the initial 

knowledge is accurate since the adaptation will not be of much help if the aircraft 

becomes unstable as a result of the initial reaction of the pilot. In the case of the human 
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pilot, this is guaranteed by extensive training of the pilots where the pilot has enough 

initial knowledge of the aircraft dynamics. The predicted and commanded behavior of the 

aircraft will very likely be the same. Therefore, we supplied the static pilot parameters 

that were calculated off-line from the aircraft data as our initial model parameters. By 

inserting the static pilots to the aircraft control loops and testing their performances, we 

modelled the training process of the human pilots. As mentioned earlier, this is a 

primitive attempt to describe pilot training. Even though we supply the initial pilot 

parameters, we can not apply the proper starting control sequence. The static pilot 

activated the control and the adaptive pilot took the control after sufficient amount of 

time that will leave enough time for the transfer function estimators to converge. 

Thus, we have analyzed and simulated an adaptive human response mechanism 

where the root locus method is used as the adaptation law. This approach is also 

applicable for other type of feedback systems where the controller is not necessarily a 

human pilot model. 

For most of the simulated cases, the adaptive model performed better than the 

static models trying to minimize a possible non-zero steady-state error caused by the 

static pilot’s performance. However, we concluded that the adaptation with the current 

constraints is more suitable to the longitudinal control set of the aircraft mechanism 

although it performed well for the lateral control sets. An analysis of some actual pilot 

data in a lateral tracking task, provided by NASA-Lewis, suggested that, for this 

particular scenario, the McRuer-Krendel model does not seem to be adequate. 

Furthermore, the adaptive model should operate at a variety of flight configurations 

since any changes in the aircraft dynamics are sensed and compensated on-line as the 

human pilot will try to compensate. 
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We also showed for a specific case that the model is capable of performing the 

tasks that were carried by human pilots. Although a careful investigation of the actual 

scenario is necessary, the results were satisfactory. 

We also concluded that, for the simulated cases, the single variable approach to a 

complete multi-variable control mechanism is very efficient as well as simple. However, 

the effects of the remnant and the time delay, the neuro-muscular approximation, and the 

performance of the adaptive model in other aircraft environments, remain to be studied. 

A variety of actual pilot data should be analyzed for better understanding of the actual 

pilot behavior towards the development of efficient describing functions of the human 

response with an expert system-like adaptive mechanism. The adaptive model will 

remain the same but it should have a database of extra rules to follow just like the human 

pilot. Fortunately, this will compensate for the absence of a "remembering" process of 

the pilot which our model does not have at this time. Only the current information is 

processed by the adaptive pilot model. For that reason, the models should be constrained 

with rules defined by the actual pilot behavior. Throughout the years, different models 

were investigated for those human behavior that would fit in one model but not another. 

Nevertheless, without any human reasoning, no such model will ever find any use. 

7.2 Suggestions for Further Research 

The key factor in modelling of the human mechanism is decisinmaking. Of dl the 

possible choices the best reaction will be "selected" by the human operator. It is certain 

that there is no unique adaptation procedure performed by the human. Instead a set of 

rules define his reactions and boundaries. The more the rules, the more complicated the 

decision making process becomes. However, it is that decisionmaking that makes the 
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human operator's appearance safe and reliable. These aspects like decisionmaking, 

adapting, defining and updating the rules together with many others define his 

intelligence. 

In that sense, the model proposed in this thesis is not "decisionmaking". Although 

adaptive, there is only a few rules satisfied by the model compared with the human pilot. 

The closed loop bandwidth of the pilot-aircraft combination resembles actual human pilot 

operating regions. Also the simulated control movements of the model are consistent with 

the human muscular limitations. As an adaptation law the root-locus performs well but 

within the process of adaptation the model generates somewhat undesirable outputs 

which may be dangerous. 

This can partly be solved by supplying the model a set of transfer function 

estimates corresponding to different flight configurations. The detail of these transfer 

functions will directly depend on the pilot's knowledge of the aircraft. In this way, the 

model will not only have initial human describing function parameters but an initial 

information of specific flight configurations which the human pilot gets through training. 

Unfortunately, the training can not be efficiently modelled by this approach. Instead the 

assumption of a well-trained pilot simplifies the situation. 

A well-trained, experienced human pilot will be almost deterministic in his 

reactions. Furthermore, his reactions will be optimal for that configuration. In that 

respect, selecting the pilot poles and zeros for specific configurations resembles the 

human pilot's deterministic reactions since the model will select the same poles and zeros 

every time it is subjected to that same flight configuration; hence, it will react the same. 

However, a human pilot in a type-1 loop will not add an integrator to the system(24). On 
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the other hand, when subjected to a type-0 system, the human operator will use his 

integrating ability to act as an integrator so that the "steady-state'' error is minimized. For 

that reason, different sets of pole-zero selections for different aircraft control sets is more 

appropriate rather than having only one table look-up as in our adaptive simulations. For 

example, the longitudinal stick pilot and the nozzle setting pilot adaptations will be 

different because the former is a type- 1 loop while the latter is almost type-0. 

The "sampled human response" idea resulting from a "sampled external world" 

point of view fits the nature of the human mechanism. However, by starting from a 

continuous domain model and transferring into the discrete domain, as in our case, does 

not take the full advantage of the discrete domain. Left half plane poles and zeros are 

estimated by discrete models(16). For that reason, better discrete human response models 

should be investigated by analyzing actual pilot data. In fact, we can record the typical 

responses of the human pilots and use them as a part of the adaptation procedure. It 

would be practically impossible to record all the time histories but the estimated pilot 

model poles and zeros can be used. 

Considering the comparison of the actual and simulated pilot response of Section 

(6.4), the only problem in commanding the model is the selection of the primary 

reference variables and the application of the desired reference sequences. For example, 

if i t  is desired to gain altitude, then the command is an increment in the altitude loop 

reference. If a descent is required, then the altitude loop will be given a negative ramp as 

an input. 

Starting the pilot model with no adaptation and then activating the adaptation 

process seems to be a good approach to model a human's reaction where he first uses the 
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best knowledge about that situation. However, as is shown in the adaptive pilot 

simulations, the problem is how to start the adaptation "smoothly". The estimated pilot 

gains oscillates for a brief period of time during which the adaptation procedure 

converges. This should be solvable by adding artificial intelligence or decisionmaking to 

the model by adding extra rules to be followed. This is a very rich area for future 

research. 
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APPENDIX A. 

DEFIhTXION OF THE AIRCRAFT PARAMETERS 
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APPENDIX B. 

STEP-INVGRIANT TRANSFORMATION OF THE HUMAN RESPONSE 

MODEL 

The step-invaxient transformation is defined by: 

let 

then, if 

it follows that 

I 
8 

then, let 
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z F - T D )  I ea} zdF(z)  

z- 1 :. G(z) = -zdF(z) 
Z 

where 

for the McRuer-Krendel human reponse model 

Case. I (TN#TI) 

then 

z( b,z+b,) 
F(z )  = Kp 

( I -  1 )(z-@ TI)(z-e-T/ ''1 

where 
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with 

K=Kpb ,  

Case. II (TN=TI) 

In the same way 

(z-'*-2) 

(l-Pz-1)2 
G(z) = K z - ~  

with 
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APPENDIX C. 

KALMAN FILTER PARAMETER ESTIMATION ALGORITHM (PSEUDO 

CODE) 

/ *  SISO case, i n p u t  i s  u , - ~ ,  o u t p u t  i s  y, * /  
/ *  Given n,m and d * /  
/ *  Gain u p d a t e  * /  

sum 1 := 0; 
f o r  i := 1 t o  N do b e g i n  

- 

sum-2 := 0;  
f o r  j := 1 t o  N do b e g i n  

end; 
T [ i ]  := sum-2; 
sum-1 := sum - 1 + H [ i l  * T [ i l ;  

sum - 2 := sum - 2 + P [ i ,  j ]  * H [ j ] ;  

end;  
sum 1 := sum 1 + R,; 
f o r  i := 1 t o  N do b e g i n  

K [ i ]  := T [ i ]  / sum-1; 
end; 

sum 3 := 0; 
f o r  i := 1 t o  N do b e g i n  

sum - 3 := sum - 3 + H [ i ]  * e[;]; 
end; 
E, := Z, - sum-3; 
f o r  i := 1 t o  N do begin 

end; 

f o r  i := 1 t o  N do b e g i n  

- - 

/ *  Paramete r  u p d a t e  * /  
- 

A 

A A 
0 [ i ]  := 8 [ i ]  + K [ i ]  * E,; 

/ *  Covar i ance  u p d a t e  * /  

f o r  j := 1 t o  i do b e g i n  
P [ j , i ]  := P [ j , i ]  - K [ i ]  * T [ j ] ;  
P [ i ,  j ]  := P [ j , i ] ;  

end; 
P [ i , i ]  := P [ i , i ]  + p,; 

end; 

f o r  i := 0 t o  n - 2 do b e g i n  
H [ n  - i] := H [ n  - i - 1 1 ;  

/ *  R e g r e s s o r  u p d a t e  * /  



end; 

f o r  i := 0 t o  m - 2 do b e g i n  

end; 

HE13 := zk; 

H [ n  + m - i] := H [ n  + m - i - 1 3 ;  

H [ n  f 13 := uk-d+l; 
/ *  End o f  one u p d a t e  * /  
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APPENDIX D. 

SIMPLIFIED KALMAN FILTER PARAMETER ESTIMATION ALGORITHM 

(PSEUDO CODE) 

/ *  SISO case, i n p u t  i s  u ~ - ~ ,  o u t p u t  i s  yk * /  
/ *  Given n,m and d * /  
/ *  Gain u p d a t e  * /  

sum-1 := 0;  
p o i n t e r  - 1 := 1; 
f o r  i := 1 t o  N do b e g i n  

sum 2 := 0;  
p o i n t e r  - 2 := p o i n t e r  1 + i - 2; 
f o r  j := 1 t o  N do b e g i n  

if (jli) t h e n  (po in te r -2  := poin ter -2  + 1); 

sum - 2 := sum - 2 + pWNwR [poin te r -2  1 * 71[ j I ; 
else  (poin ter -2  := p o i n t e r  2 + j - 1); 

end; 
T [ i l  :=  sum 2; 
sum - 1 := sum - 1 + H E ~ I  * T [ ~ I ;  
p o i n t e r  - 1 := po in te r -1  + i - 1; 

end; 
sum-1 := sum - 1 + R,; 
for i := 1 t o  N do b e g i n  

K [ i ]  := T [ i ]  / sum - 1; 
end; 

sum 3 := 0; 
f o r - i  := 1 t o  N do b e g i n  

end; 
E, := z, - sum-3; 
f o r  i := 1 t o  N do b e g i n  

end; 

p o i n t e r  - 1 := 1; 
for i := 1 t o  N do b e g i n  

/ *  P a r a m e t e r  u p d a t e  */  

A 
sum-3 := sum - 3 + H [ i ]  * 8 [ i ] ;  

A A 
8 [ i ]  := 8 [ i ]  + K [ i ]  * E,; 

/*  Covar i ance  u p d a t e  * /  

p o i n t e r  - 2 := p o i n t e r  1 + i - 2; 
f o r  j := 1 t o  i do b e g i n  

p o i n t e r  - 2 := p o i n t e r  - 2 + 1; 
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PUNEAR [po in t e r -2 ]  := PmrEAR[pointer-2] - K [ i l  * T [  j l  ; 
end ;  
PUFm [po in te r -2 ]  
p o i n t e r  1 := p o i n t e r  1 + i - 1; 

/ *  R e g r e s s o r  u p d a t e  * /  

:= PwNEAR [poin te r -2  3 + pk;  
- - 

end ;  

f o r  i := 0 t o  n - 2 do b e g i n  
H [ n  - i] := H [ n  - i - 1 1 ;  

end;  

f o r  i := 0 t o  m - 2 do b e g i n  

end ;  

H [ 1 ]  := zk; 

H [ n  + m - i] :=  H [ n  + m - i - 1 1 ;  

H [ n  + 1 3  := uk4+l; 
/ *  End o f  one  u p d a t e  * /  
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- 
0.00107484 0.02070723 -0.07591 160 0.05172603 

0.00682456 0.13147752 -1.48037796 0.32842678 

0.00188267 0.03627024 0.30293443 0.09060195 

0.00839500 0.16173255 -3.70910391 0.40400292 
-I 

APPENDIX E. 

KALMAN FILTER ESTIMATES OF THE "BALL-IN-THE-HOOP" PROBLEM 

A 

@Lo20 = 

A 

@Lo30 = 

1 0.00000000 0.00000000 -0.07729860 0.00000000 

0.00000000 0.00000000 -1.48918450 0.00000000 

0.00000000 0.00000000 0.30050501 0.00000000 

1 1 0.00000000 0.00000000 -3.71993697 0.00000000 

1 r 0.08688898 0.31142050 0.01461274 4.07129169 

0.32585235 1.21225070 -1.14383923 -0.12891 131 

0.03723846 0.15604535 0.34023085 0.039918 12 

1 1 4.42391242 -1.30279900 -4.16514002 1.02373153 



I: 
liJ. 
1 
fi 
I 
II 
8 
1 

kmo= 

c 
F 
T 
d 
@ 
8 
iE 

- 
0.14098586 0.21043570 0.17209159 -0.04043441 

0.56745262 0.76124586 -0.44052820 0.00889937 

0.13203274 -0.02091092 0.61618198 0.09398952 

-1.18354381 0.1 15235 15 -6.37646677 0.59043187 - 

1 1.00000000 0.09173982 -0.01741 165 -0.00060458 

0.00000000 0.83965469 -0.31534503 -0.01741 165 

0.oooOoooO -0.00266704 0.64530913 0.08786757 

0,00000000 -0.04830323 -6.63756304 0.64530913 

r 0.07729860 
1.489 18450 

-0.30050501 

A 

r,f.10= 

1 3.71993697 

r 0.07868559 1 
1.49799 103 

-0.2980755 8 
L o =  

1 3.73077002 1 
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- 
0.16920993 

1.83452976 

4.260779 16 

3.27473392 - 

3 

0.13718554 

2.66302396 

0.044299 12 

0.8023 1090 - 

0.32668878 1 
2.5 3784079 

0.01 5 17 197 
L 4 0 =  

1 1.06340716 1 

A 

rL0.50 = 
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